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ABSTRACT 
The work undertaken for this thesis was part of the European Union funded TRANCOM-II project, 
'Migration Case Study: Transport ofradionuclides in a reducing clay sediment'. 
The solubility of uranium (IV) oxide, U02, was investigated. Uranium (VI) was reduced to 
uranium (IV) using sodium dithionite and iron granules at high pH (NaOH). A solubility 
enhancement of U02 in the presence of Boom Clay humic acid (BCHA) was found to be 
approximately 1 order of magnitude, where the solubility of U02 (10.9 to 10.8 mol dm-3) was 
increased to 10-7 mol dm-3 by BCHA. The solubility product (Ksp) of aqueous U(OH)4 and 
stability constant (/3I41) for BCHA-U(OH)4 were calculated from experimental data using a novel 
approach utilising the side reaction coefficient theory ('A' term). A log K,p value of -54.51 for 
U(OH)4, and a log /3141 value of51.36 for BCHA-U(OH)4 were calculated. 
Plutonium (IV) was separated from other Pu oxidation states by ion exchange. Plutonium (IV) 
oxide was prepared by the addition of 5 mol dm-3 NaOH. PU02 solubility was explored in BCHA 
+ Water (7.68 x 10-7 mol dm-3) and BCHA + synthetic Boom Clay water (3.98 x 10.8 mol dm·3 to 
6.04 x 10.7 mol dm-3), and real Boom Clay water (1.33 x 10-7 mol dm-3). Using the results for the 
solubility ofPu02 in BCHA + Water, a stability constant for Pu(OHkBCHA in log /3141 = 55.39, 
assuming a 1:4 stoichiometry ofPu(IV) complexed with OH-. 
BCHA was radiolabelled with carbon-14 by reductive methylation of amine groups by addition of 
14C-Formaldehyde and reduction using sodium cyanoborohydride. The labelled material was 
purified by acidification, and re-dissolving the precipitated humic acid fraction in sodium 
hydroxide. Verification of the extent of the radiolabelling process was undertaken using size 
exclusion chromatography and liquid scintillation counting. The stability of the 14C-BCHA was 
verified by varying pH and allowing the 14C-BCHA to sorb to a variety of solid phases. 
Diffusion experiments through Boom Clay were conducted using the 14C-BCHA and 14C-BCHA-
U(0H)4' Based on modelling results of the experimental data, the diffusion coefficient of 14C_ 
BCllA through Boom Clay is 3 x 10.11 m2 S-I with a filtration term representing the rate of 
attachment to the clay of 1 x 10.6 S·I. Experiments into 14C-BCHA complexed with U(OH)4 
suggested that the U(OH)4 remains bound to the mobile BCHA rather than complexing with the 
immobile BCHA bound to the clay. Due to the low activity of uranium associated with the BCHA 
it was difficult to separate the alpha radioactivity from instrument noise, and the results for the 14C_ 
BCHA-U(OH)4 are indicative only. 
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Section l.l Project Overview 
1.1 PROJECT OVERVIEW 
1.1.1 Background to the TRANCOM-II Project 
The legacy of long·lived radioactive waste from spent fuels requires a real-time programme for 
disposal of the waste in a safe and sustainable manner. In Europe, including the UK, deep clay 
formations (e.g. Boom Clay, Callovo-Oxfordian, Opalinus) have been considered for a number of 
years as viable locations for the permanent disposal of the radioactive waste. In establishing a 
sustainable site within a stable geological formation, it is essential to consider the potential 
mobility of highly radiotoxic radionuclides through the relevant stratographical units (e.g. Boom 
Clay). 
The TRANCOM-II project addresses the migration behaviour of radionuclides identified as 
important for the long term safety of a High Level Waste (HL W) repository within a reducing clay 
environment with speciation emphasis on Natural Organic Matter (NOM). In such reducing 
environments, the solubility limit is assumed to be the most important mechanism affecting the 
mobility of the radionuclides. As speciation is likely to be neutral or negatively charged, low 
retardation is expected. However, the presence of NOM may increase the apparent solubility of the 
radionuclides by complexation or colloid formation with the NOM, or by influencing the sorption 
behaviour to the clay. 
1.1.2 Objectives ofTRANCOM-II 
The main scientific objectives of the TRANCOM-II project were as follows: 
• to improve understanding of the migration behaviour ofU, Se, Pu, and Am (as representative 
of trivalent actinides/lanthanides) under reducing conditions in a NOM rich environment; 
• the production of an internal coherent database for the interaction of radionuclides with 
NOM and clay under reducing conditions; and 
2 
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• develop and demonstrate a conceptual model to assess the migration of radionuclides within 
a reducing clay, NOM rich clay environment that can be applied to performance assessment 
models. 
The laboratory based experiments are designed to improve scientific understanding for the safety 
assessment through better under standing of the mechanisms of radionuclide solubility in reducing 
clay environments, and the migration of the radionuclides through the clay. 
The results and conceptual models developed for this project are of direct use for evaluating the 
performance of the Boom Clay geological formation as a potential host for HL W disposal. 
Therefore, this assists in demonstrating the effectiveness of clay formations as inhibiting migration 
from a nuclear waste repository. The results, methods and model concepts can be transferred to 
other clay formations considered for radioactive waste disposal, and also for other types of waste 
(e.g. chemo-toxic waste). 
1.2 INTRODUCTION TO THE URANIUM AND PLUTONIUM LITERATURE REVIEW 
The 4f and Sf elements are of great interest for their environmental behaviour, and this is especially 
so in the field of nuclear waste disposal. The cations of the 4f and Sf series are "hard" acids, and as 
such they have a strongly ionic nature in their binding. Thus, they interact more strongly with 
anions, which also prefer ionic interactions such as those with oxygen donors. This explains their 
geological classification as lithophiles as they are predominantly concentrated in silicate minerals 
rather than in metallic or sulphidic phases. Only the lightest Sf elements occur naturally in the 
environment, although uranium has an abundance more relative to the heavier lanthanides, and 
thorium is as abundant as cerium!I). 
The ability to detect certain rare earth elements at levels of 10.12 g combined with some unique 
chemical properties of the elements have led them to be used as probes of geological processes. Of 
the 5f-elements, U and Pu exhibit a variety of oxidation states with a diverse behaviour in nature. 
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Interest in the behaviour of actinide elements is related to their production for use in nuclear 
reactors and the resulting disposal of the waste. 
1.2.1 Uranium 
Aqueous inorganic geochemistry of uranium is well known[2). Uranium is usually transported 
under oxidising conditions in the U(VI) state or as complexed UO/+ (uranyl). Complexes of 
carbonate, fluoride, sulphate and phosphate are most common, depending on pH and ligand 
concentration. Under reducing conditions, uranium exists in its tetravalent state, U4+, and most 
commonly forms uraninite, UO,. In theory, humic substances may play a role in the transport and 
concentration of uranium at relatively low temperatures, including reduction of oxidised species to 
effect immobilisation, or complexation of any of the species to either enhance or inhibit their 
mobility. There is uncertainty as to the mechanism of fixation of uranium. Fixation by 
complexation or ion exchange is in dispute. 
1.2.2 Plutonium 
Plutonium is found primarily associated with sub-surface solids, sediments, and suspended 
particulates in water. When vegetation, animals and solids are compared, more than 99 % of the 
plutonium is found in the sediments. In sea water, plutonium is present in concentrations of about 
10,17 mol dm,3[3). In fresh waters, the concentrations of plutonium vary from 10,17 to 10,16[1). The 
higher concentrations of actinides are usually found in waters with high concentrations of dissolved 
organic material, and it is assumed humic material plays a significant role in these systems. 
1.3 HYDROLYSIS OF U(IV) AND PU(lV) 
Tetravalent actinide (An(IV» ions have a high electric charge and thereby have a strong tendency 
towards hydrolysis in aqueous solutions and undergo polynucleation or colloidal forrnation[41. As 
the solubilities of An(lV) hydroxides and oxides are low, investigations into the aqueous speciation 
are difficult. In addition, controlling the oxidation states of U(IV) and Pu(IV) is difficult, and 
4 
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oxidation to the An(VI) state readily occurs. The problem of oxidation complicates experimental 
investigation and thermodynamic evaluation of the hydrolysis constants and solubility products. 
The hydrolysis reactions of An4+ ions, i.e. the formation of hydroxide complexes Anx(OH)/x-y, are 
usually written as, 
or 
The hydrolysis constants K' xy (in a given medium) and KO xy (at infinite dilution), and the 
corresponding formation constants 13' xy and 13° xy are defined by 
(i) 
(ii) 
and 
(iii) 
(iv) 
respectively. [xl denotes the concentration of species x, YX' its activity coefficient and 1Iw the 
activity of water. The hydrolysis constants log Kxy are related to log I3xy by the ion product of 
water (log KOw = -14.00 ± 0.01)[4J. 
5 
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1.3.1 Hydrolysis of Uranium (IV) 
The formation of U(OH)3+ has been investigated by numerous authors in different media, 
preferentially by absorption spectroscopy in the pH range 0_2[41. The thermodynamic constants 
selected in the comprehensive reviews of the NEA and IAEA (log KOII = -0.54 ± 0.07[SI and -0.34 
± 0.20[61, respectively) are in reasonable agreement. Attempts to calculate log K12, log K13 and log 
Kl4 from solubility data are hindered by uncertainties of the solid phase and, therefore, the 
redundancy of the hydrolysis constants and solubility product[SI. The only results reported for 
polynuclear species are based upon a potentiometric titration study in 3 mol dm·3 NaCI04[7], which 
is interpreted with the formation ofU6(OH)ls\}+ and log K61S = -16.9 ± 0.6. 
1.3.2 Hydrolysis of Plutonium 
The initial mononuclear hydrolysis of Pu(IV) has been investigated by means of absorption 
spectroscopy[8-11I. However, the concentrations used in these studies ([Pu(IV)] = 1.3 x 10-4 - 2 x 
10.3 mol dm-3) considerably exceed the solubility limit of Pu(IV) hydrous oxide at 
pH 1-2[41. Similar concentrations of Pu(IV) were using in studies on the Pu(III)lPu(IV) redox 
couple[12, 131. Knopp et al . .I141 demonstrated that, at Pu(lV) concentrations that exceed the 
solubility limit, the formation of colloids is the predominant reaction that occurs, which remain in 
solution without precipitation occurring. The source of error related to colloidal formation does not 
apply to solvent extraction studies by Metivier and GuiIIaumont[lsl. The reported stepwise 
hydrolysis constants are determined using 238pu(IV) trace concentrations at I = 1.0 mol dm·3 
(HCIOiLiCI04): log 'K'I = -0.45, log "K' 2 = -0.75, log "K' 3 = -3.3 and "K' 4 = -6.3. 
A recent study by Neck and Kiml141 showed that the solubility ofPu(OH)4(am) in the range pH 0-12 
agreed well with the pH-dependence predicted by the hydrolysis constants of Metivier and 
GuiIIaumontllsl. 
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The hydrolysis constants of Metivier and Guillaumont[I5], with log KOu values almost an order of 
magnitude greater than those reported in other studies, are considered to be the most reliable among 
the published data for Pu(IV)[4]. 
1.4 SOLUBILITY OF U(IV) AND Pu(lV) 
The chemical forms of freshly precipitated An(IV) solid phases are not clearly defined. In the 
literature the solid phases are referred to as either amorphous hydroxides, An(OH).(am), or 
amorphous, partially microcrystalline hydrous oxides, An020xH,O(am)[4]. It is possible that the 
solid phases do not have a unique composition but consist of a hydrated oxyhydroxide AnO(,. 
n)(OH)'n(am) with 0 < n < 2, where n decreases with aging or temperature. For example the 
formation of uraninite with aging, or the preparation of AnO,(cr) by heating amorphous An 
hydroxides to temperatures above 700oC[4]. 
1.4.1 Solubility ofU(1V) 
Solubility data for amorphous UO,.xH,O(am) or microcrystalline UO,(s) reported in literature are 
extremely scattered[4], indicating that various experimental results do not refer to specific materials, 
but to a range of solids with different thermodynamic stabilities. This coupled with possible 
oxidation of U(IV) to U(VI) has resulted in much discussion over what solid phase is formed, and 
the total U(IV) solubility[4,16]. 
A study by Rai et a.116] using dithionite (EB" = 1.12V), or Zn (EB" = 1.22 V) to maintain redox 
potential has placed U(IV) solubility at upper limits of 5.5 x 10.8 mol dm·3 for dithionite, and 5.0 x 
10.7 mol dm·3 for Zn. Above NaOH concentrations of 0.01 mol dm·3, both dithionite and Zn metal 
will maintain the thermodynamic equilibrium oxygen fugacity below 10.90 atm. 
Further experiments by Rai et al .. [17] determined the solubility of freshly precipitated 
UO,.xH,O(am) in NaCI and MgCI" using Eu'+ and Fe powder to eliminate 0, and to maintain 
reducing conditions. The UO,.xH,O(am) prepared was found to be amorphous to X-rays. The 
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investigation was carried out at pH 2-12, and discovered that between pH 2-4, the solubility of 
U02.xH20(am) decreases by 3 orders of magnitude per pH unit increase, and above pH 4, the 
solubility does not change to a significant degree. Below pH 2, U02.xH20(am) dissolves and can 
be analytically measured. Rai et al. estimated the concentration ofU(OH).(aq) in equilibrium with 
U02.xH20(am) to be 10.8.0 mol dm·3, and results with a greater uranium concentration in the 
alkaline and neutral range was attributed to oxidation to U(VI). 
Solubility measurements of higher apparent solubilities reported in the literature[18l have been 
attributed to the ineffective control of redox potential, the use of inadequate techniques for 
separating solids from solution and higher analytical detection limits for uranium. 
Control of O2 content is essential for the correct observation of U(IV) solubilities, as reported by 
Rai et aUl7}. Inclusion of oxygen scavengers such as Na2S204, Fe, or Eu2+ can maintain very low 
dissolved O2 fugacities, and thus limit oxidation of U(IV) to U(VI). It has been reported that O2 
fugacities of < 10'" atrn (calculated from standard potentials)[17) are required to maintain uranium 
as U(IV). With no reductant present. O2 fugacities can range between approximately 10.0·7 and 10" 
atm. 
In studies by Yajima et al .. [19} and Grambow et al.. redox conditions were controlled 
e[ectrochemically. Yajima et al.. observed increased crystallinity over time. Both Yajima et al .. 
and Granbow et al .. reported solubilities in the range pH <5 to be several orders of magnitude 
greater than those observed by Rai et a/..l l 7) and Grambow et al .. or fresh, un-aged precipitates. 
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Figure 1.1: Solubility ofU02(s) as a Functiou of the W Concentration at 20-2SoC at 1=0.03-
0.2 mol dm·3 [4] 
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Figure 1.2: Solubility ofUO,(s) as a Function ofthe Ir Concentration at 20-2S"C at I = 1 mol 
dm-3 [4) 
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Figures I.l and 1.2 show the solubility ofUO,(s) as a function of the Ir concentration at 20·25°C. 
In both Figures I.l and 1.2, the solid lines are calculated for 0.1 mol dm·3 and 1 mol dm·3 NaCl, 
respectively, with log Kspo = -54.5 ± 1.0, and selected hydrolysis constants[4). The dotted lines 
show the range of uncertainty, and the dashed line is calculated with the model proposed by Rai et 
a/. [4, 17]. 
Both Figure 1.1 and 1.2 show that above pH - 4-5, the theoretical concentration ofUO,(s) is -5.0 x 
10,9 - 1.0 x 10" mol dm,3, although there is a great deal of scatter over the range of the 
experiments. It can be clearly seen in both figures that the data by Rai et at..!16], where dithionite 
was used to maintain low redox conditions in the presence of NaOH, that the concentration of 
UO,(s) is -7.5 x 10,9 mol dm,3. Further experiments by Rai et al . .!I?] using Fe powder and Eu'+ to 
maintain redox conditions show similar U(IV) concentrations at lower pH. In all cases outlined 
above and demonstrated by the data in Figures 1.1 and 1.2, the solubility of UO,(s) increases 
exponentially below pH -3-4. 
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1.4.2 Solubility ofPu(IV) 
The solubility of amorphous Pu(OH)4 or Pu02.xH20 has been investigated in numerous studies[4, 
14,20-261. However, particularly at pH> 1.5, Pu(IV) easily oxidises to Pu(V), and disproportionation 
reactions lead to Pu(III) and Pu(VI)l4, 21, 23, 271. The solubility product for amorphous Pu(IV) can 
only be derived from well-defined Pu(IV) concentrations, i.e. from experimental studies where the 
oxidation state of the aqueous media is controlled by solvent extraction or spectrophotometric 
methodsl4, 14,20-231. The data of Perez-Bustamentel241 in 3 x 10-4 - 3 x 10-2 mol dm-3 HCI04 is an 
example of experimental data where the oxidation of Pu was not controlled, and higher 
concentrations of Pu were detected. Similar data are reported in other papersl21, 25, 26, 281, with 
aqueous species of different oxidation states being predominant and the fraction of Pu(IV) not 
known. 
Contributions from Pu(IV) colloids is another possible source of error that may give falsely high Pu 
results. As demonstrated by Kim et al . .I291, colloidal Pu(IV) can be present even at pH 0- I with a 
total Pu concentration below 10-3 mol dm-3. The reported solubility data are usually reported after 
filtration to remove colloidal Pu(IV). According to Knopp et al..l 141, the majority of colloidal 
Pu(IV) will be removed from solution by filtration using pore sizes of 1 nm. In this paper, it was 
further demonstrated that the hydrolysis constants of Me tivi er and Guillaumontl151 correctly predict 
the pH-dependence of the solubility of Pu(IV) hydroxide or hydrous oxide. Based on the 
hydrolysis constants, a mean value of log KOsp = -58.7 ± 0.9 was calculated from the available 
solubility data at I = 0.06-1 mol dm-3, and pH 0-12. 
A similar log KOsp(PuOHiam)) value of -58.3 ± 0.5 was determined by Capdevila and Vitorge[23) 
using an indirect method for determining the stability constant. The solubility of Pu(OHMam) was 
investigated in 0.1 to 3 mol dm-3 HCIOiNaCI04 under conditions where Pu02+, PuOl+ and Pu3+ 
are the predominant aqueous species. When the disproportionation reaction reaches equilibrium, 
the Pu4+ can be calculated from the known redox potentials E(Pu4+/Pu3+) and E(PuOl+/Pu02 +) and 
the spectroscopically determined concentrations of Pu02+, Pu022+ and Pu3+. The derivation 
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of the solubility products in this paper and the paper by Knopp et 01 . .£141 are comparable, even 
though they were determined using different methods. The method by Knopp et al.. relied on 
Pu(IV) solubility and selected Pu(IV) hydrolysis constants, where as Capdevila and Vitorge used 
an indirect method which relied on redox equilibria, and was independent of Pu(IV) hydrolysis 
reactions. 
A range of log KO,p values are presented in literature where the solubility product was derived in 
different media[15, 20-24, 291, and an average of the data (10 values in alt) is considered to represent 
the best value for the solubility product of amorphous Pu(IV) hydroxide or hydrous oxide[41: 
log KO,p = -58.5 ± 0.7 
Combining this solubility product with log 13°14 value of 47.5 ± 0.5 from the solvent extraction 
study by Metivier and Guittaumont[151, the solubility in neutral to alkaline solutions is calculated to 
be log [Pu(OHMaq)] = -11.0 ± 0.9. 
Kim and Kannellakopulos[291 investigated the solubility of crystalline Pu02(cr) sintered at 900°C. 
From the Pu(IV) concentration measured at 20°C after equilibration for 3 years in 1 mol dm-3 
HCI04 (log [Pu(IV)] = -4.5 ± 0.2) a solubility product of log KO,p = -62.9 ± 0.4 was calculated. 
This value differs by almost an order of magnitude from those calculated for Pu02( cr) from 
thermochemical data (log KO,p(PuOz{cr) = -63.8 ± 1.0[291 and -64.1 ± 0.71301. 
1.5 HUMIC ACID COMPLEXA TION OF U(IV) 
Early studies have shown that solid humic acid (HA) binds UO, ,+ via a cation exchange pracess[21. 
A Geochemical Enrichment Factor (GEF) of 105:1 «(U]bound:(U]free) was determined. Later studies 
ratifY this conclusion. Infra red studies have shown that uranium is retained by solid HA as UO,>+, 
complexed to carboxyl groups as bidentate ligands. 
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Unlike V(VI), and the actinides Np(VI) and Pu{VI), U(VI) is not reduced by humic substances over 
laboratory time scales (weeks and months) at room temperature. It has been suggested that U(VI) 
can be reduced in a HA-bearing solution at elevated temperatures[21. Reduction to form uraninite 
can occur upon later diagenesis. 
The mechanism by which uranium binds to humic molecules has been greatly questioned. Studies 
into which Iigands are favoured binding sites of uranium, and what complexes are formed (e.g. 
monodentate) have been performed. Factors such as pH, metal ion concentration, humate 
concentration, have been considered when answering this question. 
Speciation data were collected in the most representative conditions of natural systems (pH 4-9, 
HA concentration 0.1 to 10 mg dm·3)[311. Humic substances dominate actinide speciation up to pH 
7 (sometimes 8). Above this pH inorganic complexes control the actinide speciation. The presence 
of complexing cations, such as Ca and AI, modifY actinide speciation in the pH range 4-6. 
Speciation calculations show that the effect of humic substances may strongly affect the 
radionuclide species formed in natural water conditions. Two different models lead to relatively 
similar conclusions: organic complexation dominates radioelement speciation up to pH 7 for humic 
substance concentrations found in natural waters (as low as 0.1 mg dm-3). Above pH 7-8, 
inorganic complexes are predominant. The speciation of U(VI) was modified by the presence of 
calcium ions, although only at high Ca concentration (40 mg dm-3 or 10-3 mol dm-3) in a relatively 
narrow pH range of 4-5. In the presence of AI, at 0.1 mg dm-3 of humic substances and an AI 
concentration of lO-s mol dm-3, organic complexation will be of minor importance in the pH range 
4-5. 
A similar study[321 has shown positive correlation between uranium content and FA content using 
fluorescence at 400 nm. Correlation between uranium content and absorbance at 280 nm and 320 
nm was observed. 
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The effect of pH and concentration of organic Iigands on U(VI) and U(IV) was investigated using 
dialysis and ultrafiltration techniques[33]. Interactions of U(VI) and U(W) with organic Iigands in 
nitrate or chloride aqueous solutions have been found to be pH dependant. The study showed that 
uranium species in solution can be characterised by a combination of dialysis and uranium 
concentration determination by molecular fluorescence spectrophotometry. 
Stability constants of uranium-organic complexes decreases in the order: FA> HA> tannic acid 
(TA) for U(VI), and HA> TA> FA for U(W). Complexation ofU(VI) and U(IV) increases with 
pH[33]. Scatchard plots for the uranium-organic acid systems indicate two types of binding sites 
with a difference in stability constants of approximately 10'. These sites have been termed 
"strong" and "weak" sites, and are present on all humic molecules, where only about 10 % of the 
sites are "strong". Ultrafiltration of U-HA complexes indicates that U(VI) and U(W) are 
concentrated in larger molecular fractions at pH:5: 3, and in smaller fractions at pH <! 5. 
The solubility behaviour or uranium (W) dioxide was studied under oxidising and reducing 
conditions in synthetic Boom clay water at 25°C on gel pellets[34]. Experimental results obtained 
from Iep-MS studies of the leachates indicate the dissolution of UO, in the reducing conditions 
studied was of the order of 3.3 x 10-6 mol dm-3. Modelling results using PHREEQC calculations 
suggest concentrations of 4 x 10-10 mol dm-3, which indicated that oxidation within the 
experimental samples had occurred. 
1_6 ANALYSIS METHODS FORDETERMINING URANIUM-HUMATE BINDING 
The binding of uranium to humic substances has been studied widely over the past two decades, 
and many techniques have been employed for this. The Schubert method'351, developed for 
predicting stability constants in metal-ligand systems, has been modified for measuring uranium-
humate complexation and stability constants,36. 371. Ion exchange systems that do not employ the 
use of the Schubert method have also been used widely usedI36-3.,. Other methods used for U-HA 
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binding include extended X-ray absorption fme structure (EXAFSto. 411, time resolved laser-
induced fluorescence spectrometryl4'1, and potentiometric methodsl431. 
This section outlines a variety of analysis techniques that have been employed to analyse U-HA 
interactions. 
1.6.1 The Schubert Method 
The Schubert method[3Sl is a linearisation technique based on measuring the distribution of total 
metal between the solution phase and a cation exchange resin to determine stability constants. The 
method relies on a constant pH and ionic strength. The metal ion concentration present in the 
system must be negligible compared to the complexing ligand concentration for the process to 
work[361. 
In the presence of a ligand, L, such as humic or fulvic acids, the equilibrium expression for m 
moles of uranium (as UO,2+) reacting with j moles ofL is: 
(1.1) 
with a conditional stability constant, Pm" 
(1.2) 
The relative complexity of uranium solution chemistry forces a modification in the Schubcrt 
method, to account for complexes with hydroxide, carbonate and acetate. The term IT is introduced 
to account for the concentrations of all dissolved uranium species with the exception of the target 
ligand. Thermodynamic constants and reaction stoichiometries must be considered at the relevant 
pH and must be included in order to calculate IT. 
IT =1 +PUO,OH[OH' ]+ ... (1.3) 
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Ion-exchange data must be collected to determine A.o, which is the resin/solution distribution 
coefficient for U(VI) in the absence of the organic ligand. 
(l.4) 
[U]"'i' has the units of moles of U(VI) per gram of resin, and the solution U(VI) concentration 
(U022+ n) has the units of moles U(VI) per litre of solution. Therefore, A.o has the units of litres 
per gramme (I gl). 
A corresponding experiment to determine A., the uranium resin/solution distribution in the presence 
of the target ligand must also be perfonned. Assuming that the ligand fonns a series of complexes, 
U02Li, that are mononuclear with respect to uranium (m = I), A. is defined as follows (for I = I to 
n) 
(1.5) 
where [U]sol is the sum of all of the dissolved uranium species in solution, including those with the 
target ligand. Combining equations 1.3 and 1.4 gives 
(1.6) 
If only one metal-ligand complex of I:n stoichiometry is fonned, (I .5) simplifies to, 
(1.7) 
Log /31._ can be determined from a plot of log {(A.oIA.)-I} versus log [L], which is known as a 
Schubert's plot. A large excess of the complexing ligand is necessary, and a miniscule amount of 
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the metal is required. Therefore, in all equations, the uncomplexed ligand concentration, [Lj, is 
almost essentially equal to the total ligand concentration, [LJr. Therefore, the slope, n, of a plot for 
a 1:1 complexes should be unity. 
A similar study using the Schubert method has been employed to analyse the binding of uranium 
by fulvic acid [371. 
The binding ofU(VI) to FA was examined at and ionic strength, I, of 0.10 and pH of 4.0 and 5.0. 
The analysis of the complexation was done using only non-linear regression techniques, which 
allowed a direct fit of the data without the use of data manipulation. It was assumed that other 
functional groups in the FA and HA structures would contribute to the metal binding, however it 
was assumed that the carboxyl groups would dominate at pH 4 and 5. A non-linear simulation was 
performed using the following equation (Equation 1.8), which was derived from Equation lA 
assuming the existence of only one l:n uranyl-Iigand complex, 
(1.8) 
In this simulation, [Uj.,1 was the dependent variable and [Uj""n and the FA concentration [L j are 
the independent variables. 
The use of this system at pH 4 and 5, and in comparison to a uranyl-citrate system analysed 
previously where the Schubert plot gave values ofn near to unity, the value ofn from the FA data 
is significantly different from 1.0 for both pH values studied. Slopes with n values other than 
integral values have been found previously when examining metal binding systems in natural 
organic matter (NOM), which includes results for NOM-U(VI) interactions[371. Clark and 
Turner[381 have indicated that n values represented in equation 1.6 that are not integer numbers, 
then the stability constant 131 .. is not a valid thermodynamic representation of the mononuclear 
reaction from Equation 1.1. Therefore, the l:n approach is inappropriate for systems with non-
integral slopes. 
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1.6.2 Ion-Exchange Measuremeuts 
A series of ion-exchange experiments were perfonned by Lenhart et al. [35] to ascertain the uranium 
distribution coefficient, Ao in the absence of organic complexants, and A, the distribution ratio in 
the presence of organic complexant. All experiments were conducted at pH 4 or 5 with a total 
uranium concentration of 0.1 mol dm·3• An ionic strength of 0.10 was maintained using NaCIO. 
buffer. The concentrations of humic and fulvic acids used were between 1 and 100 ppm (w/v). 
The uranium concentrations were detennined using liquid scintillation counting after adding a 2J3U 
tracer. The uranium bound to the resin was calculated from the difference between the uranium 
concentration in the samples, and the uranium concentration in similar samples prepared with out 
resin. After the resin was separated from the aqueous phase, bound U(VI) was removed by treating 
the resin with 1.0 M HCl. 233U recovery was averaged at 96.5 ± 1.6 %. Over the experimental 
conditions, binding of the HA, FA andlor complexes with U(Vl) was not expected. 
Ao detennined using this method at pH 4 and 5 gave linear isotherms, with R2 values of 0.990 and 
0.995 respectively. The slopes of the regression lines of the plotted data yield Ao, which was 1.41 ± 
0.03 dm3 g.t for pH 4, and 0.85 ± 0.05 dm3 it for pH 5. The value for Ao decreased as the pH 
increased from 4 to 5 due to the increased competition with exchange sites for the uranyl ions by 
increased concentration of carbonate, hydroxide and acetate. 
Similarly, cation exchange experiments were performed in conjunction with ultrafiltration to study 
U-humate interactions at pH 4.2[37]. A loading capacity of 5 % U was incorporated into samples of 
fulvic acid. At pH 4.2, ultrafiltration showed <5 % of the uranyl ions were in the filtrate with 
humate and U(VI) concentrations of 1 x 10-4 eq(COOH) dm·3 and 5 x 10'" mol dm-3, respectively. 
The results suggested that binding of U(VI) to humate was completed within the filtration time. In 
addition to this, cation exchange experiments were conducted at pH 4.2. The results demonstrate 
ca. 50 % sorption of the U(VI) to the resin. The amount retained decreased with contact time. 
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A similar experiment[44l looking at the interaction of trace elements and organic matter using rep· 
MS found that U was largely bound to colloidal matter. Dialysis and ultrafiltration results support 
an association of uranium with organic macromolecules or colloids. Another study used 
ultrafiltration and ligand competition to evaluate the binding of U(VI) to NOM[451. A modelling 
framework based on algebraic manipulation of the ligand·exchange data such as resin binding and 
liquid·liquid extraction yielded the equation, 
IOg(~ -1) = logK, + alog[L] -logA 0.9) 
Where Do is the total concentration of metal ions added, D is the total concentration of metal 
remaining in solution and A is the 'A' term. From the data, Alberic et al.l36l concluded that the 
bonding of u(Vr) by HA was stronger than for FA, and HA bonding exhibited a greater pH 
dependence than identical FA system. 
Simple relationships between U(VI) binding the NOM as a function of pH cannot be generalised. 
Further cation exchange experiments[37l suggest two different kinds of binding between uol+ and 
humate exist, that of weak and strong binding. The two binding types are in equilibrium as 
described by the polyelectrolyte theory. Furthermore, equilibrium distribution and rate at which 
equilibrium is attained depends on pH, metal cation present, and the loading capacity. 
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1.6.3 U(VI)-HA binding as a Model for Predicting Pu(VI) Interactions 
U(VI) interaction with humic material can be used as a valid model for predicting Pu(VI) 
(Pu022+)[461. uol+ does not disproportionate (discussed in Section 1.9), unlike its plutonium 
analogue, PuOl+' and is therefore easier to measure. 
The results from Shanbhag[46j show that uranyl forms I: I and 1:2 complexes with humic material. 
The strength of binding the vol+ (a hard acid cation) is primarily due to large, positive entropy 
terms, which can be related to the dehydration of the cation and of humate that occurs in 
complexation. The uranyl cations bind to the carboxylate sites in the HA. Humate binding by 
uol+ can compete with hydrolysis and carbonate complexation. 
1.6.4 Redox Behaviour, Complexing and Adsorption of Actinides by HA 
HA strongly extracts U(VI), Np(VI) and Pu(VI) from aqueous bicarbonate-carbonate media[47J. 
The humic acid reduces Np(VI) to Np(V) and Pu(VI) to Pu(IV), but does not reduce V(VI), which 
remains stable in the presence of the reducing species of HA. 
The actinide metal ion mobility in the VI, V and IV oxidation states bound to the HA will be 
governed by the mobility of the HA, which will distribute itself between the aqueous phase and 
solid (e.g. clay) geological phase. 
1.7 ANALYSIS METHODS FOR THE INTERACTION OF URANYL WITH HUMIC ACID 
The interaction of uranium(VI) with humic acid has been investigated using a range of analytical 
methods including, but not limited to, potentiometric and spectroscopic analysis[43J, UV -scanning 
ultracentrifugation and gel permeation analysis[48J, X-ray photoelectron spectroscopic analysis[49J, 
extended X-ray absorption fine structure analysis[40, 50, SI], membrane electrodes[52J, and time-
resolved laser induced fluorescence[l5J. A more detailed discussion of a number of these methods 
is now presented. 
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1.7.1 Potentiometric and Spectroscopic Analysis oCUranyl-Humate Interactions 
Vranyl interactions with HA were studied by potentiometry, UVNis, and IR spectrometry[43J. 
Possible mechanisms for the interaction of VO, ,+ are described based on the available results. 
Complexation of VO, ,+ to humic molecules occurs through the carboxyl groups, which causes a 
downward shift in the UV spectrum of the humic molecules. Potentiometric studies carried out in 
the pH region of 3-5 using uranyl Ion Selective Electrode (,ISE') can be characterised by their 
Nerstian response, as compared to the measured potential, Eoxp, which is directly proportional to the 
logarithm of the free uranyl concentration in solution, 
By using a specific uranyl ion selective electrode, the formation of I: I and 1:2 (metal:ligand) 
complexes of uranyl with various HA types was observed. Conditional stability constants and 
complexation properties could then be calculated. 
Figure 1.3: Possible Reaction Schemes oC Uranyl Complexation with HA Functional Groups 
oC Polyphenols and/or Phenolcarboxylic Acids 
~ +00,'+== ~OH 0=:0 I \0, +11' ~ / 
~~ ~OH 0' + uo," ===~ 
A further study using UV -scanning ultracentrifugation was conducted to characterise molecular 
weights of different fractions of humic substances[481. Investigation of aggregation 
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onto Clays and Minerals 
by addition of metal ions has also been investigated by this technique. Complexation of uranium 
with different fractions of the humic material have been investigated using gel penneation 
chromatography (GPC) to separate the different sized fractions of the organic matter. This can 
identifY the degree of association of uranium with each fraction. 
Data from the ultracentrifugation method illustrates the fonnation of high molecular weight 
aggregates in the presence of metal ions. The aggregation occurs when the metal ion concentration 
reaches a certain loading capacity. The higher the metal ion concentration, the more aggregation 
occurs. When the metal concentration saturates the humic material, precipitation will occur. Gel 
penneation data suggests that lower molecular fractions (ca. 10,000 MW) govern uranium 
complexation, whilst the larger molecular weight fractions (ca. 70,000 MW) have less of an effect. 
1.8 EFFECTS OF HUMIC ACID ON THE SORPTION OF URANIUM ONTO CLAYS AND 
MINERALS 
Studies have shown that the rate of sorption of uranium onto clays and minerals is dependent on the 
presence and concentrations of humic acid, and pH[35, 51, 53-56). Migration of uranium in 
groundwater is hindered by sorption onto clay and mineral surfaces, effectively lowering the 
mobility of uranium in the environment. 
Batch adsorption studies of U(VJ) from an aqueous solution on to cypris clay were studied as a 
function of pH (1-12), concentration of humic material, and clay concentrations[53). The 
concentrations of both uranium remaining in solution (analysed by its arsenazo-III complex), and 
humate distribution between the solid and liquid phases was detennined by UV spectroscopy. Both 
the adsorption of the uranium and the distribution of the coal humate were pH dependent, and the 
final pH was dependant on the concentration of the clay and on the humate:c1ay ratio[53). 
Precipitation/adsorption of the humate on clay was high at low pH values and decreased with 
increasing pH. 
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Experimental studies into the sorption of uranium onto different mineral phases surrounding the 
Bangombe nuclear reactor have been performed on clayey and Fe-oxyhydroxide rich samples[56J. 
Uranium sorption/desorption studies were carried out using uranium isotope exchange to estimate 
the proportion of uranium adsorbed on the mineral surfaces. Sequential extraction methods were 
used to identifY the major U-containing minerals in the samples. In uranium rich iron crust rocks 
close to the reactor, the fraction of total uranium absorbed at the mineral surface was small. About 
50 % ofuraniurn was associated with Fe-oxyhydroxides, P-rich phases, and Mn-oxyhydroxides. 
Experimentation was performed into ternary systems containing metal ion/metal oxide! NOM[511. 
It was found that U(VI) exhibits a steep fractional metal sorption 'edge', which is the fraction of 
the total metal sorbed as a function of pH. Positioning of the sorption edge at low pH suggests the 
formation of relatively strong actinide/surface site complexes. The results show that there are 
seven primary species that control the solution chemistry of uranium: at pH < 6.5, uol+' U020W 
and U020H2 species are dominant; at pH > 6.5, four uranyl-carbonato species are dominant, 
a system with 10-6 mol dm-3 U at an ionic strength of 0.1, 9 g dm-3 hematite and pH 3-10 show that 
the addition of HA enhances the U(VI) sorption in the low pH region relative to the HA free 
systems. The opposite is true for the high pH region, where the sorption is slightly less than in the 
HA free system. 
A similar study on the sorption of U(VI) to hematite showed that the addition of HA to a hematite 
solution altered the uptake of uranium by the hematite particlel541. The magnitude of this alteration 
varied with the solution pH and amount of HA added. Changes in U speciation, the blocking of 
active sites, and extent of U-HA interactions were all dominant factors. Electrophoretic mobility 
data indicated that the surface of the particles became negatively charged upon adsorption of HA, 
even at low concentrations. IR spectrometry suggested that the new bond formation may be 
involved in the uptake of HA or U-HA by hematite. 
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The presence of HA enhances the adsorption of uranium to hematite at low pH and low 
concentrations of HA. As the solution pH and HA concentration increases, a surface-blocking 
effect occurs, and complex formation with the free HA tends to inhibit uranium adsorption. 
The sorption of uranium onto ferrihydrite has been observed as a function of pH in a system 
equilibrated with air in the presence of HA to determine the influence of HA on uranium uptake[551. 
Below pH 7, sorption ofUO/+ increased with increasing pH, with a sharp sorption decrease above 
pH 7. Addition of HA (9 mg dm·3) increased the uptake of U at pH values below pH 7, but had 
little effect at higher pH. The pH edge positions were affected by the ionic strength and total 
uranium content. Experiments have shown that sorption interactions involving HA must be 
considered in order to model the behaviour ofU in natural systems. 
It was found that HA generally enhances the sorption of U onto ferrihydrite, which is attributed to 
strong surface binding of the HA, and the subsequent formation of ternary surface complexes. 
Surface bound HA could play an important role in U migration, even when only small amounts are 
present in the aqueous phase. 
A study has been performed to ascertain the effect of hydrophobic and hydrophilic acids present in 
DOC on the complexation of inorganic contaminants, and the effect of sorption to geological 
materials[571. Experiments were performed under aerobic conditions to investigate the effects of 
fulvic acid over a concentration range of 0·5 mg dm·3 DOC on mU by various minerals at pH 7.7 ± 
0.1. 
In a similar study investigating uranium sorption in a system of FA, metal ions and clay minerals 
were studied as a function of pH, metal ion concentration and FA concentration[581. Measurements 
were made by spectrophotometric analysis. U(VI) aqueous species were dominated by 
Sorption of uranium was in the order of 
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montmorillonite > goethite > biotite ;:?: granite> quartz. Therefore, sorption of uranium may be a 
simple function of available surface area. FA had little effect on the sorption of uranium under the 
conditions used. A second study[561 showed that the presence of FA decreased the sorption of 
uranium at high concentrations due to metal-humate formations. This supports ion exchange 
results[351, which noted the same effect of FA. Sorption is known to decrease with increasing pH 
due to complexation with organic carbonates, and this would support these results. The solutions 
used contained HC03-, which readily complexes uol+ ions. 
A bridging effect of the metal ions between the clay minerals and the inner-sphere fulvic acid-
metal ion complexes has been proposed as the dominant sorption mechanism[561. 
1.9 SPECIATION MODELS FOR PREDICTING URANIUM HUMATE INTERACTIONS 
Experimentally derived stability constants and solubility products can be used to predict metal-
humate chemistry in a given set of parameters, e.g. pH, humate concentrations, metal ion 
concentrations. Discussed below are two common approaches for predicting metal-humate 
interactions that have been applied to uranium-humate binding. 
1.9.1 Humic Ion-Binding Model V 
The Schubert method was applied to measure the proportions of free and bound UOi+ in solution 
over a range of ionic strengths and pH[591. Trace metal concentrations and humic acid 
concentrations of 0 to > 1 00 mg dm-3 were used for the experiments. Humic Ion-Binding Model V 
was used to calculate binding constants, and describe the dependence on pH and ionic strength. 
Uranium formation is complicated by the formation of carbonate, hydroxide and chloride 
complexes. Similar to the method used by Lenhar! et al. [351, corrections for these complexes were 
calculated. If a solution of uranium is in contact with a cation-exchange resin, distribution of 
uranium in the absence of humic acid will be, 
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(I) 
or, 
(2) 
where' A' is the side reaction coefficient term, and is constant at any given pH. At low pH, UOl+ 
will form complexes according to the following stepwise reactions, 
UO;+ +L ? UO,L 
UO;+ +2L? UO,L, 
UO'+ +mL ->. UO L 2 ~ 2 m 
Organic complexes must be included in the denominator of Equation (2). Therefore, 
(3) 
Combining Equations (2) and (3) gives, 
D. -I K,[L]+K,K,[L],+ .. .K,K,Km[Lt 
D A 
(4) 
Using Model V, results for the interaction of Co'+, Ni'+, UO,'+ and Ca'+ by humic substances in 
groundwaters at different ionic strengths are reasonably well described by Higgo et al.l591. In the 
case of the Broubster FA data, the model gave the correct pH and ionic strength trends, but there 
was considerable scatter in the data. pH and ionic strength dependence on the binding strength 
was reasonably well described by Model V. Uranium had the strongest binding strength to the FA, 
and the series studied increased in the order Ca < Co < Ni < U[591. The values obtained for the six 
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different humic materials studied by Higgo et al. were not significantly different despite different 
origins, and that three of the samples were humic acid and three were fulvic acid. 
1.9.2 Metal Ion Charge Nentralisation Model 
In this model, metal addition to HA neutralised the charge on the HA molecule[60J. The model was 
validated by experimentation using VO,z+, Am3+, and Cm'+. By introducing the operational HA 
concentration and the loading capacity, the complexation constants are calculated, which are 
independent of metal ion concentration, pH, and origin of HA. The loading capacity is the mole 
fraction of the maximum available complexing sites of the HA under a given set of experimental 
conditions. It can be used for comparison of different stability constants. 
It was expected that consistency in metal ion complexation constants for HA of different origins 
can be ascertained, irrespective ofthe heterogeneous and polyelectric nature of the HA. This result 
was confirmed using this model. The loading capacity of the HA is experimentally determined, 
and is used to establish the amount of functional groups the HA has available for complexation 
under experimental conditions. The use of loading capacity in this model· results in unvarying 
stability constant over broad ranges of metal ion concentrations, pH and HA origin. 
This model adequately describes thermodynamic equilibrium reactions of metal ions with HA, and 
allows a direct application of resulting stability constants for geochemical modelling of actinide 
migration at an environmentally relevant pH. 
1.10 OXIDATION STATES OF PLUTONIUM IN NATURAL WATERS 
Plutonium may exist in more than one of six possible oxidation state in the same solution - 0, Ill, 
N, V, VI, VU1611• In aqueous systems, while Pu(III) and Pu(N) are simple monotonic cations, 
Pu(V) and Pu(VI) form linear dioxo species Pu(V)ot and Pu(VI)O,z+. Interchange between the 
plutonium couples is associated with the rapid rate of redox reaction between the III and IV states 
and the V and VI states. However, the interchange between the HI, N states and the V, VI states is 
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slower due to the need to make or break the PU-O bonds. Disproportionation reactions are also 
relatively slow as arrangement/rupture of metal-oxo bonds is involved as seen in the reactions: 
3Pu4+ + 2H,O = 2Pu3+ + Puol+ + 4W (I.IO) 
and 
2PuO,+ + 4W = Pu4+ + PuO,'+ 2H,O (1.1 I} 
The disproportionation of Pu(V) keeps it at vel)' low concentrations in acid solution relative to the 
other three states. This is reversed in basic solutions and Pu(V} becomes the dominant species. At 
environmental concentrations ofPu present in natural waters, with their neutral to basic pH ranges, 
PuO, + disproportionation into Pu4+ and PuO,'+ is not a factor. 
Due to the Eh of sea water it was assumed that Pu existed in its tetravalent state, especially with the 
knowledge that Pu(VI} has a tendency to disproportionate to Pu(IV}. The rate of 
disproportionation ofPuOt into Pu4+ and PuO,'+ depends on the square of the Pu(V} concentration 
and the fourth power of the W concentrationl61 • 6'. 631, and therefore decreases rapidly as the Pu 
concentration reaches environmental tracer levels. Pu(V}, present as Puot, has a much lower 
tendency to hydrolyse than Pu(III}, (IV), or (VI), and it also forms the weakest complexes, and is 
much more likely to be sorbed to solid surfaces and colloids. As a result, Pu can be expected to 
migrate most rapidly in its Pu(V} state. Dominance of Pu(V} over Pu(VI} in natural waters is not 
due to the effect of humics present as reduction to Pu(IV} and PU(V} in natural waters occurs if 
humics are absent!631. 
The oxidation state of Pu is dependant on the pH, Eh and the presence of suspended particulates, 
presence of Iigands and radiolytic effects in high activity solutionsl611• As a result, the dominant 
oxidation state of plutonium in natural aerobic waters near the surface or shore is Pu(V}O, +16'1. 
Under reducing conditions found in deeper waters, and in the presence of enhanced humic 
concentration, Pu(III} is the more dominant state and is often complexed to humic materiall641• In 
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open oceans a more equal distribution between oxidised (V) and reduced (IV) forms has been 
reported!65]. However, the degree of "dissolved" Pu(IV), present as precipitated Pu(OH). or PU02, 
measured is dependant on the size of the filters used, indicating that much of the Pu(IV) may be 
sorbed onto small colloids!62]. 
A study into whether Pu(V) is the stable form of oxidised Pu in natural waters has been 
performedl66] using selective adsorption of Pu(VI) onto purified silica gel, and co-precipitation of 
Pu(V) with purified calcium carbonate, as independent methods to separate Pu(VI) and Pu(V). 
Measurements of the ambient oxidised Pu studied was found to behave like PU(V), as it was not 
absorbed onto the silica gel, but was confrrmed by coprecipitation with CaC03• A second study!61] 
reported similar results for Pu(V) and silica gel, where the gel preferentially sorbed Pu(V) and also 
sorbed any plutonium added as Pu(VI), suggesting reduction to Pu(V). When the Pu(VI) was 
added to the water in the presence of KMnO. to maintain the Pu(VI) oxidation state, the Pu sorbed 
to the Caco3 indicating no reduction to Pu(V). Complications with these sorption techniques 
include possible surface reduction of Pu(V)O,+ to Pu(IV) on solids containing iron impurities, as 
well as non-uniform surface area ofthe substrate!67]. 
The presence of inorganic particles can greatly affect the oxidation state of Pu. There is 
evidencel68] that suggests that PeOOH photocatalytically reduces Pu(V) to Pu(IV), and thereby 
contributing to the sorption ofPu to PeOOH. Another study has shown that Mno, surfaces oxidise 
Pu(V) to Pu(VI),69] .. 
It has been suggested that different oxidation states may have different migration ratesl1O] as these 
rates depend on the solubility, sorptionldesorption patterns and interactions with organic material 
and inorganic ions, all of which greatly influence oxidation state. 
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Arsenazo-III has been used to fonn highly coloured complexes with Pu(IV) in order to differentiate 
from other oxidation species in dilute solutions (10.7-10"" mol dm·3 Pu) by spectrophotometric 
measurement/7lI• The molar absorptivity values for Pu(III), Pu(V), and Pu(VI) were -50 times 
lower than for Pu(IV) when complexed with Arsenzo·IIL 
1.11 SEPARATION OF PLUTONIUM BASED ON OXIDATION STATES 
Plutonium exists in solution in a variety of oxidation states from Puo through to Pu(VII). 
Disproportionation reactions leading to several oxidation states plays a significant role in the 
chemical behaviour of Pu. The different oxidation states fonn complexes that vary in strength in 
the sequence, IV> VI > III » V. It is possible to fonn complexes with the general formula PuXn 
where n may vary from 0 to 6 and is largest for Pu(IV) and smallest for Pu(V) species. This 
variation in n can be used with ion exchange chromatography, solvent extraction partition 
techniques, and precipitation to achieve separations of the different plutonium states/72• 731• Several 
procedures have been reported for separating plutonium into its different states without shifting the 
redox equilibria during separation. Redox is generally fast between the III and IV states and V and 
VI states but slower for (III, IV) <-+ (V, VI) reactions. 
1.11.1 Ion Exchange Chromatography 
An example of the use of the differences in complexation strengths involves separations using 
columns of anion exchange resin and solutions of hydrochloric acid/731• Anionic chloro complexes 
such as An VI02Cli and An VlCIS' sorb to the resin and are separated from the non·complexed and 
cationic species. The An VI02Cb' species is sorbed strongly in 1 mol dm·3 HCI, whereas the An1vCls' 
species is only sorbed at HCI concentration of 2 mol dm·3 or more. The fonnation of chloro 
complexes by the An(III) and An(V) cations are too weak to allow appreciable absorption even at 
HCI concentrations of 12 mol dm·3• 
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1.11.2 Solvent Extraction 
Solvent extraction systems utilising acidic extractions can be used for separations of different 
plutonium oxidation states. l3·diketones such as thenoyltrifluoroacetone (ITA) is one such example 
of an organic solvent used for extraction(72, 74, 751. At pH 0, ITA solutions extract Pu(IV) but not 
Pu(III), Pu(V) or Pu(VI). If the pH is increased to pH 3-4, the III, V and VI species are extracted 
strongly. ITA solutions of 0.5 mol dm" in toluene extracts Pu(IV) at 100 % from a pH 0.6 
solution in which Pu(V) and Pu(VI) are retained in the lUjueous phase. Adjustment of the pH to 4 
allows total extraction ofPu(VI) from the lUjueous phase. 
A similar method using ITA extraction has been described!751 using KBr03 to oxidise all Pu(III) to 
Pu(IV) and Pu(V) to Pu(VI). Pu(IV) is extracted with ITA after addition ofHN03• After addition 
of 5.8 mol dm" HNO, to the lUjueous phase, the Pu(VI) is extracted with di-n-butyl-n-
butylphosphonate (DBBP). 
Other l3-diketones used in this manner are dibenwylmethane (DBM), and l-phenyl-2-
methylpyrawl-5-one (PMBP). DBM is useful at pH > 4 and is less soluble in water than ITA at 
neutral and basic pH values(761. 
Alkaline solutions used to separate plutonium have been used[17I. Alkylpyrocatechols such as 
(a., a-dioctylethyl)pyrocatechol (DOP) have been shown to be useful actinide extractants from 
aqueous solutions in which the complexants suppress cation hydrolysis. Extraction of An(III) 
cations by OOP generally increases with increasing pH. Amines such as Aliquat 336 can also be 
used, but the separation factors between trivalent cations are generally less than four. The DOP 
extraction systems have the sequence An(IV) > An(III) > An(V) > An(VI), whilst the amine 
extraction system has the sequence An(III) > An(IV) > An(V) > An(VI). 
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1.11.3 Plutonium Precipitation 
Precipitation of Pu in different oxidation states has been performed utilising the BiPO. process and 
LnFJ co-precipitationI7.). BiPO. precipitation separates Pu(IV), which can later be oxidised to 
soluble Pu(VI)O/+ for ease of isolation. LnFJ co-precipitation is a preferred system. The 
technique exploits the strong complexation of fluoride by An(II1) and An(IV), the insolubility of 
the neutral fluoride compounds, and the slow redox kinetics between the reduced (II1, IV) and the 
oxidised (V, VI) states. A detailed study of the LnF3 co-precipitation system investigated several 
variables and their influence on plutonium(V) reduction and co-precipitationl77). It was found that 
increased HF concentrations led to increased sorption ofPu(V)Ot, presumably as reduced Pu(IV). 
Approximately 10 % sorption of plutonium, which was initially 100 % Pu(V)ot in solution, was 
observed after 30 minutes on 0.25 mol dm-J HF, whilst nearly 60 % was sorbed in 1.25 mol dm·J 
over the same time period. Complete reduction was observed in 4.6 mol dm') HF. LnFJ co-
precipitation is a useful conflftDatory experiment accompanying more detailed oxidation state 
studies. 
Sorption techniques are useful in actinide redox speciation, and there are several reagents available 
for extracting Pu from solution in different oxidation states, such as CaCOJI61 , .. , 77) or Ti0,l76) for 
Pu(V)ot, and silica ge1161 , .. , 77J for Pu(VI)O/+. 
1.12 COMPLEXA TION AND REDOX OF PLUTONIUM 
Actinide ions are characteristically non-polarisable, and their bonding is strongly ionic, therefore 
classifYing them as hard acidsl62J• As hard acids they preferentially react with hard base 
complexants containing oxygen and fluorine donors, including the oxygens in water molecules. 
Binding in aqueous media to softer donor atoms, such as nitrogen and sulfur, occurs in aqueous 
media only in conjunction with multidentate Jigands that contain both oxygen and nitrogen 
containing groups, so that perturbation of the hydration of the actinide has already occurred 
through binding to the hard base donor. 
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The electrostatic interactions along with steric effects primarily influence the structure and number 
of waters in the first coordination sphere about the actinide. Observed total coordination numbers 
in the solid state range from 6 to 12 for simple actinide complexes, and from 2 to 8 for oxygenated 
actinide complexes. Inner sphere complexes of actinides, in which the anion and cation are in direct 
contact, form with humic material, carbonate, bicarbonate, sulfate, fluoride, and most carboxylate 
ligands in sea water. Conversely, weaker outer sphere complexes, in which the anion and cation are 
separated by a bridging water molecule, form with weakly basic Iigands such as chloride and 
perchlorate ionsI62]. 
1.12.1 Humic Acid Complexation of Plutonium 
The main interaction of plutonium with humics is via carboxylate groupSl62J. Chelate formation 
with two or three carboxylate groups, or carboxylate plus phenolic and amino groups must be 
significant in the total strength of the actinide-humic interactions. Two types of actinide humate 
binding have been reported from studies of dissociation ratesI78]. The initial dissociation involves 
non-specific cation binding and involves attraction of the cations to the net anionic macromolecule. 
The metal ions are mobile within a 'condensed' layer surrounding the humic acid surface. The 
second step involves binding of actinide cation with specific binding sites, such as carboxylates. 
The condensed cations have a kinetic dissociation of the order of seconds, whilst the site specific 
bound cations require a period ranging from minutes to hoursI62]. The dissociative half life of the 
slow step increases when dissociation occurs at longer periods (up to 2 days) after the initial 
formation of the actinide-humate complex. A mechanism has been proposed in which the 
'condensed' actinide cations disrupt the hydrogen bonding network, which is responsible for the 
humic acid coiled configuration. As the coiled system opens, the actinide cations migrate to 
stronger, more specific binding site, thus altering the humic configuration further and decreasing 
the rate of dissociation. 
A kinetic equilibrium exists between the fast, condensed binding and the slower, site-specific 
binding. This has lead to the hypothesisl62J that in rapidly flowing systems, rapid but weakly 
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retentive metal sorption onto humic surfaces could be expected, which would retard slightly 
actinide migration. In less active systems, greater metal immobilisation would occur via stronger, 
internal binding to humic substances. As a result, metal migration would be closely related to the 
humic transport rate. 
A further complication in understanding plutonium binding to humic material is that humic 
material represents a spectrum of molecular weights. Fractionation analysis of coastal sediments[SOI 
showed reduced Pu(IV) associated with both high molecular weight humic acid (> 150,000 MW) 
and low molecular weight fulvic acid (<2000 MW) components. 
Humate-metal binding increases with increasing net cationic charge. Using a method to directly 
analyse metal humate interactions at concentrations of actinides found in natural waters Cl 0-13 mol 
dm-3), it was found that Np(V), and by analogy Pu(V), fonns a 1:1 complex at pH 8 with log!3 = 
4.2 for neptunium complexes[SII. 
In surface waters photolysis of humic substances by UV light results in the production of H20 2 via 
the generation a superoxides(62. 821, and therefore humic substances can lead to direct reduction 
through complexation, or indirect reduction through the production of peroxide. Furthennore, 
quinhydrone groups present in humics provide a source of long lived free radicals with reduction 
potentials of 0.5-0.7 V, and are capable of reducing Pu(VI, V) to PU(IV)(621. 
The low mobility of Pu has been confirmed in many studies, as has the role of organics in both the 
sorption and mobilisation of Pu. Measurements at Hanford (USA) at a site 2 km from a 
reprocessing plant that released actinides into the atmosphere have shown that 96 % of the Pu is 
still retained in the top 5 cm of the soil(83I. 
It has been reported(841 that dissolved Pu in costal waters of Bombay harbour bay and in pore waters 
from the bottom of the bay were associated with organic matter of high molecular weight. 
Desorption of the Pu was influenced by pH, salinity, carbonate concentration, and organic 
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concentration in the water. By contrast, results of a similar study!"! concluded that Pu in sediments 
and interstitial waters of the Irish Sea was unlikely to complex with DOC (dissolved organic 
carbon) in the pore water. The apparent disagreement reflects the DOC levels of the two water 
samples being markedly different!86I, and as a result, the higher levels of DOC coat inorganic 
particles and colloids, which would more readily sorb the Pu. 
Another study has observed that for Pu(lV), at pH >9, hydrolysis prevails over any complexation 
by carbonate, Pu(V) is more easily complexed by carbonate ions than by humic acid molecules, 
and carbonate competes with humic acid for complexation with PU(VI)!87I. 
Stabilisation of Pu in fresh waters by humics present as negatively charged colloids has been 
proposed!S81• As DOC was increased in water from the Okeefenokee Swamp water and water from 
Lake Michigan, the adsorption of Pu by sediments decreased. The decrease was observable at 
DOC concentrations well below the normal concentrations of 35 mg dm·3 in the swamp water, 
indicating a significant effect on Pu speciation in the water by the organic material!36I. 
Mobility of Pu in the presence of humic acid was studied in Ca-montrnoriIlonite suspensions(631• 
High proton competitive constants were obtained, log 13 = (-0.67) at pH 3. Strong chemisorption 
was observed, which at high humic acid concentration (above 0.05 mg dm';) indicates the 
formation of bridge humate complexes of Pu on the humificated Ca-montmorilIonite surfaces. The 
behaviour of the Pu significantly differs from the analogous europium studied, where the 
expectation that a strong complex in solution will decrease the distribution ratio at the high degree 
of montrnoriIlonite surface covered with humic acid. Such behaviour can be explained in a bridge 
(I :2) complex formation on the surface at low pH (2.5-3). The distribution coefficient ofPuHA is 
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Which indicates Pu(IV)HA is bound to the montmorillonite surface for one order of magnitude (in 
the distribution constant terms) greater than humic acid itself. Therefore, binding of Pu to humic 
acid sorbed to the montmorillonite surface is greater than of binding ofPu to humic acid alone. 
Colloidal organic carbon (COC) found in natural waters is shown to profoundly inhibit the 
adsorption of reduced Pu(III, IV) to suspended sediment particlesl" l. The effect can be described as 
a system of equilibria in which COC competes with the solid particles for Pu(III, IV). Pu(III, IV) 
forms both I: 1 and 1:2 complexes with COC, but low pH suppresses the formation of the 1:2 
complexes. When corrected for the influence of COC, the intrinsic adsorption coefficient (Ko') for 
Pu(III, IV) fell in the range 0.5-3 x 10· for all surface waters examined. Therefore, Nelson et al.l88J 
concluded that coe was a major factor in controlling the distribution of the reduction of Pu 
between solid and dissolved phases. 
Adsorption behaviour of Pu was investigated using multi-component systems containing y-alumina 
as model inorganic particles and poly-dispersed humic acid colloids isolated from a clay 
formationl"). Sorption selectivity on the bare mineral by Pu can be explained on the basis of hard-
soft Lewis acid-base behaviour. The oxidation state of the Pu in neutral solution was unknown in 
this experiment, but the adsorption of Pu onto y-A120 3 was found to match the results for Np(V) 
suggesting a similar oxidation state. Pu removal was found to differ considerably than for Np(V) 
in the presence of humic acid. Taking into account the high redox reactivity of Pu, this may be 
ascribed to redox interactions with electron-exchanging components of the humic acid, such as 
carboxylic groups. Righetto et al. I") found that Pu behaviour in humic acid containing waters 
deviates from that observed for other pentavalent ions because of oxidation state transformations. 
1.12.2 Plutonium Redox Reactions in the Presence of Humic Material 
The tetravalent actinides form strong humate complexes, but their hydrolysis is much strongerl86). 
Humate complexation is unlikely to play a significant role in the speciation of Pu(IV) in most 
natural waters, except in those with very high Doe levels. However, humics may be very 
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important in the general solubility of and migration of Pu via redox reactions. Under anaerobic 
conditions, Pu(IV) is reduced by humic material to Pu(III) below pH 3[63,.21. Reduction ofPu(VI) 
to Pu(IV) also occurs in the presence of as little as 0.1 mg dm-3 humic material[631, and a study[·21 
has shown that fulvic acid can be responsible for this reduction. In contrast, another study[871 has 
observed that only humic acid and not fulvic acid can act as complexing agents for Pu, presumably 
due the presence of their carboxylic acid groups. 
The significance of humic material in the redox behaviour of Pu in natural waters has shown that 
Pu(V) is rapidly reduced by wet and dried sediments[86), but when the same sediment is heated to 
destroy the organic material, the reduction half life increased by a factor of 50. Laboratory studies 
agree with this data from natural waters and soils. 
In natural waters of pH -8, the standard reduction potential values for the Pu(IV)lPu(V), 
Pu(IV)lPu(VI), and Pu(V)/Pu(VI) couples have been estimated as +0.70, +0.65, and +0.60 V, 
respectively[·2). In another study[821 humic materials have been shown to reduce metals with 
estimated reduction potentials of 0.5-0.7 V under laboratory conditions. 
In 0.7 mol dm·3 NaCI at pH 8 and in artificial sea water, Pu(VI) was reduced to Pu(V), in which 
state it was stable for weeks of observation[62, 82, 871. When humic acid was added to the artificial 
sea water, with 0.1 mg dm-3 of humic acid only 40 % ofPu(VI) was reduced to Pu(V), while with 1 
mg dm's humic acid only 20 % was Pu(V). The remainder of the Pu was as Pu(IV) and remained in 
solution as Pu(OH)4' Over time, any remaining Pu(V) was reduced to Pu(lV). Laboratory studies 
have correlated with field observations using natural waters using organic concentrations between 
0.1 and 15 mgdm-3• 
Strong complexation of Pu(VI) with humic acid can result in rapid reduction to Pu(IV), which can 
then hydrolyse to form pseudocolloids(82 j • If the Pu(IV) concentration is strong enough, formation 
of real Pu(OH)4 colloids occurs, which can combine with organic molecules in the water. 
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1.13 Objective of This Work 
The main scientific objectives of this work with respect to the lRANCOM II project, and in light 
of the introductOlY pages written above, are as follows: 
• develop a method for the reduction of uranium(VI) to uranium(IV), and the formation of 
uranium(IV) oxide. The solubility enhancement of uranium(IV) oxide in the presence of 
humic material extracted from Boom clay will be established; 
• determine a stability constant for U02, and a solubility product for a Boom Clay humic acid 
(BCHA) complex with U(OH)4 as BCHA-U(OH)4; 
• prepare plutonium(IV) oxide and establish solubility enhancement in the presence of BCllA, 
and also determine a solubility product for SCHA-Pu(OH)4; 
• develop a procedure for radiolabelling SCHA with carbon-14 by reductive methylation of 
amine groups within the humic acid molecule using 14C-formaldehyde; 
• establish methods for the purification of the 14C-BCHA, and establish the stability of the 
radio labelled material; 
• determine a rate of diffusion for BCllA through Boom clay using the 14C labelled BCHA; 
and 
• perform pilot studies into the fate of uranium(IV) in Boom clay when complexed with 
mobile 14C-BCHA to establish whether uranium(IV) will preferentially remain bound to 
mobile SCllA, or complex with immobile BeHA. 
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2.1 INTRODUCTION TO U(IV) SOLUBILITY 
This second Chapter outlines of the commencement of the laboratory based work conducted for 
this thesis. The majority of the work from this point was conducted in Loughborough University 
radiochemistry laboratories, unless otherwise indicated. 
The objective of ascertaining the solubility of uranium(IV) oxide in the presence of Boom Clay 
humic acid (BCllA) is to fulfil two criteria of the TRANCOM-II project: 
• develop a method for the reduction of uranium(VI) to uranium(IV), and the formation of 
uranium(N) oxide. The solubility enhancement of uranium(N) oxide in the presence of 
humic material extracted from Boom Clay will be established; and 
• determine a stability constant for U02, and a solubility product for a BCHA complex with 
U(OH)4 as BCHA-U(OH)4' 
Laboratory experiments were performed to determine the effect of Boom Clay humic acid on the 
aqueous solubility of uranium (N). 
Uranium (IV) can only exist in reducing environments, whereas uranium (VI) dominates in 
oxidising conditions. Figure 2.1[98J is an aqueous phase Porbaix diagram of uranium in solution 
showing the dependence of the different oxidation states of uranium, and the different ions formed, 
depending on the ~ and pH of the environment. The diagram pictured has a total dissolved 
uranium concentration of 10-8 mol dm-3, and the square on the diagram represent the ~-pH 
conditions of Boom Clay, i.e. ~ = -280 mV and pH = 8.2. 
The diagram highlights boundary Eh and pH conditions that will allow uranium (IV) to form and be 
maintained, that being -200 mVat low pI! (- pI! 3), decreasing to -700 mV at high pI! (- pH 14). 
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Figure 2.1: Eh-pH diagram (or aqueous phase uranium based On the NEA-TDB 03 updatel981 
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In Phase I of the experiments (Series I to 7) the required V(rV) was prepared by reducing uranium 
(VI) nitrate solution (V02(N03h) under alkaline conditions using sodium dithionite (N~S204) as a 
reducing agent. 233V was included as a tracer. A greylblack amorphous oxide was precipitated 
(U02.2H20). The effect of BCHA on the solubility of this oxide was studied. In Phase 2 of the 
experiments (Series 8 to 12) iron was included in the mixtures as an oxygen scavenger. 
The reactions involved may be summarised as follows: 
VO 2+ + SO'· ~ V 4+ + 2S0 2· 2 2 4 3 
V 4+ + 40H ~ V(OH),'!' ~ VO,2H,o 
V(IV) + BCHA ~ V(IV)-BCHA complex 
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2.2 U(IV) EXPERIMENTAL PHASE 1 (SERIES 1 TO 7) 
2.2.1 Series 1 
The purpose of Series 1 was to develop and test a suitable experimental procedure for the 
production of uranium (IV) oxide from uranyl (VI) nitrate. 
2.2.1.1 Experimental 
Precipitates of uranium (IV) oxide were prepared in a MBraun Unilab glove box with an inert gas 
system fitted with a copper purifYing column. The working gas was oxygen free nitrogen (BOC). 
The O2 analyser monitored oxygen content down to <1 mg dm·' O2. 
De-aerated NanoPure water, which had been boiled for 1 hour then purged with N2 for 1 hour, was 
used throughout the experiment in order to remove O2 and CO2. 
Uranyl (VI) nitrate (U02(NO')2.6H20, BDII, [AnalaR]), and 233U (solid mU dissolved in RNO" 
specific activity = 1.2 MBq cm-', AEA Technology) were used to make the uranium stock 
solutions. Solid sodium dithionite (Na2S20.) and carbonate free sodium hydroxide solution (NaOH 
[46-48%]) were bought from Fisher. 
Solid U02(NO,),.6H20 and solid Na2S20. were weighed by difference and transferred into the 
glove box in separate 100 cm; volumetric flasks. 2 cm' of the 233U tracer was transferred into the 
glove box in a Nalgene centrifuge tube. 
The following solutions were prepared inside the glove box using the de-aerated (DA) water 
throughout: O.oJ mol dm-' ofU02(NO,),.6II20 (0.5063 g) was dissolved in DA water in a 100 cm' 
volumetric flask. I cm' of 233U tracer solution was transferred into the 100 cm' volumetric flask 
using a 1 cm' auto-pipette, before the solution was diluted to volume. The remaining 1 cm' of 2'3U 
was washed from the centrifuge tube into a second 100 cm' volumetric flask. The centrifuge tube 
was washed out with more DA water and poured into the flask. The flask was diluted to volume. 
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The specific activity of both solutions was 12 kBq cm". 0.1 mol dm" Na2S204 (1.7484 g), and 0.2 
mol dm'l NaOH (1.7 cm3 of 46-48%) were also prepared. U02 was precipitated using the above 
stock solutions, the compositions of which are in Table 2.1. 
Table 2.1: Composition or Solutions Used to Prepare the UO: (Series 1) 
Sample NaOH/cm' Na,S,O.1 cm' 0.01 mol dm" U + ,,'u tracer only 
"'u tracer I cm' Icm' 
lA+B 10 10 5 -
2A+B 10 10 
-
5 
3A+B 10 10 5 
-
4A+D 10 10 , 5 
5A+B 5 
- - (+20 cm' H2O) -
6A+B 5 
- - - (+ 20 cm' H2O) 
The solutions were shaken and then left to equilibrate for two weeks with intermittent shaking to 
ensure homogeneity. Samples 5 A+B, and 6 A+B are control solutions, in which no U(VI) 
reduction was attempted. 
Samples 1 A+B and 3 A+B were centrifuged for 15 minutes in a Wiffug Babor 50 Lab Centrifuge 
at 4500 rpm inside the glove box. Prior to decanting the supernatants, 100 cm3 of the following 
solutions were prepared: 0.05 mol dm,3 Na2S204 (0.871 g) in DA water, and 0.05 mol dm,3 Na2S204 
in DA water plus 500 mg (C) dm" (13.76 cm3) of BC HA (TROM31, TOC = 3633 mg dm"). Both 
solutions were adjusted to pIl-9.0 using nCI or NaOIl. 
The supernatants of the U02 precipitates were decanted off and stored in glass vials for analysis. 
The precipitates were treated with varying volumes of the above reagents (Table 2.2). 
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Table 2.2: Volumes of BC HA + Na,S,O, and Na,SzO, Added to the UO,Precipitates 
Sample BCHA + 0.05 mol dm" 0.05 mol dm" Na,S,O, 1 Final [BCH~ I 
mgiCldm Na,S,O,1 cm' em3 
lA 3.74 26.26 60 
I B 7.50 22.50 120 
3A 15.00 15.00 250 
3B 30.00 0.00 500 
The four samples was adjusted to pH -9.0 using HCI or NaOH, shaken and left to stand for two 
weeks with intermittent shaking. Directly to solutions 2 A +B and 4 A +B (no centrifugation or 
removal of the supernatant) were added 5.4 cm' BCHA (pU 9.5), which produced concentrations of 
84 mg (C) dm" (the approximate concentration ofBClIA present in Mol ground water). HCI and 
NaOU were used to adjust the solutions to pH -9.5. The solutions were shaken and left for two 
weeks to equilibrate with intermittent shaking. 
After two weeks, all solutions were centrifuged for 30 minutes at 4500 rpm inside the glove box. 1 
cm' of each sample was extracted from the centrifuge tubes using a 1 cm' auto-pipette and injected 
into 25 cm' static-free polythene vials (Packard). 1 cm' of the original supernatants from samples 
1 A+B and 3 A+B were also extracted for analysis. 1 cm' of each of the 4 control samples, 5 A+B 
and 6 A+B (no U(VI) reduction), were extracted for analysis. The samples were removed from the 
glove box, and 15 cm' Ecoscint liquid scintillation cocktail was added to each viaL The samples 
were analysed by liquid scintillation counting (LSC) on a Tri-Carb 2750 TRILL Liquid 
Scintillation Analyser for 30 minutes per sample. Two background samples of 1 cm' DA water in 
15 cm' Ecoscint were used as blanks. The samples were counted using the count windows outlined 
in Table 23. 
Table 2.3: LSC Counting Windows for Analysis of the U(IV)-BCHA Supernatants (Series 1) 
Region Lower Limit! keY Upper Limit! keY; 
A 50.0 350.0 
B 50.0 500.0 
C 50.0 2000.0 
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2.2.1.2 Results and Discussion 
The reaction of dithionite on uranyl nitrate, a method based on a procedure described by Rai et 
al.l l7) in the presence of hydroxide formed a grey/black precipitate, which is consistent with U02 
formation. The measured E,he of the solutions was highly negative, (approximately -450 mY), 
which is indicative of a reducing environment; therefore, the dominant uranium species was likely 
to be U(IV) rather than U(VI). 
During the two weeks after the addition of the BCIlA, the pH of the solutions was monitored inside 
the glove box, and it was observed that the pH drifted from pH 9.0, and would preferentially 
decrease to approximately pH 7. It was thought that this phenomenon may have been due to the 
buffering capability of the BCHA. Another hypothesis was that the of dithionite in the solutions 
was lowering the pH. At every stage, dithionite was present as an oxygen scavenger to ensure the 
uranium remained in its tetravalent state. In the presence of hydroxide ions, the following reaction 
occurs: 
S20t + 40H' ~ 2S0{ + 2HP + 2e 
Therefore, the observed pH decrease may be attributable to the action of the dithionite. The 
reduction of U(VI) to U(IV) relied upon the presence of dithionite, and each reduction dithionite 
ions perform, hydroxide ions were used up, thus effectively lowering the pH. 
The pH of the solutions had a tendency to drift from pH -9.0 to pH -7. Initially, HCl and NaOII 
was used to alter the pH, but continued addition of HClINaOII would alter the total volume of the 
solutions, thereby altering the concentrations of the BCllA. After each addition of HClINaOII, the 
total volume was recorded, and the dilution of the BCHA was taken into consideration when 
analysing the results. It was observed that the lower the concentration of BCllA present, the 
slower the pH decrease. Therefore, the higher the initial concentrations of BCllA, the greater the 
difference in the start and end volumes of the solutions, and hence the concentrations of BCHA. 
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Table 2.4 outlines the initial and final BCHA concentrations, and the uranium concentrations for 
each sample. 
Table 2.4: Initial and Calcnlated (final) BCHA Concentrations after pH Adjustment and 
Total Uranium Concentration ofthe Supernatants 
Sample Initial [BCHA) I mg (C) dm-' Final [BCHA) I mg (C) dm-' [U) I mol dm-' 
lA 60 60 2.77 x 10-' 
IB 120 120 J.J8 x 10-' 
2A 84 84 3.74 x 10-
28 84 84 3.68 x 10-' 
3A 250 239 1.07 x 10-' 
3B 500 478 1.02 x 10-' 
4A 84 83 4.46 x 10-' 
4B 84 84 527 x 10-' 
The results in Table 2.4 show that the concentration of uranium detected in samples I A+B and 3 
A +B decreased as the BCHA concentration increased, which is an inverse effect to what was 
expected. Sample 3 B contained the highest concentration of BCHA and should theoretically have 
the highest concentration of uranium associated with I cm3 of the sample assuming complexation 
has occurred; however, this was not the case. 
The concentrations of samples 2 A+B and 4 A+B are 2 orders of magnitude lower than the 
solutions where reduction to U02 from UO,(N03)' was performed and, again, this should not be 
the case. Theoretically, the concentration of uranium should be similar to that for the other 
samples. It was considered that all of the VO, had been dissolved by the BCIIA, but calculations 
of the '33U added to the solution show that the concentration of 233U detected would have been 
higher. Analysis of the original supematants decanted before the BCIIA was added showed little 
uranium in solution (-1.46 x 10-6 mol dm-\ denoting the bulk of the uranium had precipitated as 
The effect of the increasing solubility with decreasing BCIIA concentration was investigated 
further. It was thought that the effect of centrifugation of the samples prior to analysis may have 
caused the apparent decrease in uranium concentration in the high BCIIA concentration samples. 
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Centrifugation to remove particulate U02 from the supernatant may have inadvertently caused 
U(IV)-BCHA to be removed from solution, which would have been more pronounced in higher 
BCHA concentration mixtures. Aggregation effects may have created higher density of molecules 
that may be affected by centrifugation, which would be less noticeable at lower concentrations due 
to greater dispersal of the organic molecules, and therefore limiting aggregation effects. 
2.2.2 Series 2 and Series 3 
In Series 2 and Series 3 of Phase I of the experiments, UO, solutions were prepared to investigate 
the effect of aging on the precipitate. An investigation into the use of filtration as an alternative to 
centrifugation to extract the U(IV)-BC!lA from solution to avoid possible removal of the complex 
from solution was also conducted. 
2.2.2.1 Experimental 
DA water was prepared as before. Unless otherwise stated, all solids were weighed outside the 
glove box, and dissolution occurred inside the glove box using DA water. The first 
UO,(NO,n.6II,O + 233U solution used in this experiment was prepared in Series I Section 2.2.1). 
A second UO,(NO,),.6H,O + mU stock solution was prepared by dissolving UO,(NO,),.6H20 
(0.248 g) in 50 cm' of "'U tracer solution (specific activity = 12 kBq cm") prepared in the first 
solubility experiment (pg. 41, Section 2.2.1) in a 50 cm' volumetric flask. Three solutions of 0.15 
mol dm" Na,S,O. (2.608 g, 2.603 g and 2.607 g, respectively) were prepared in separate 100 cm' 
volumetric flasks. 41.64 cm3 BCllA (TROM 32, TOC 3603 mg dm·3) were diluted with DA water 
in a 100 cm; volumetric flask, and had a final TOC of 1500 mg (C) dm·;. Table 2.5 outlines 
samples prepared using the above reagents in Nalgene centrifuge tubes inside the glove box. 
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Table 2.5: Composition of Solntions used to Prepare the UO, (Series 2 and Series 3) 
Sample 0.06moldm~ 0.15moldm~ 0.01 mol dm" UO,(NO,),.6H,O NaOHfcm' Na,S,O.f cm' +"'U fern' 
1 A, B, C 5.0 10.0 5.0 
2A,B,C 5.0 10.0 5.0 
3A,B,C 5.0 10.0 5.0 
4A.B,C 5.0 10.0 5.0 
5A,B, C 5.0 10.0 5.0 
6A,B,C 0.0 0.0 5.0 
Sets A and B were prepared with the original solution of U02(NO,n.61120 + mU (pg. 36, Section 
2.2.1), and Set C were prepared with the freshly prepared solution of U02(NO')2,6I120 + "'U, as 
described above. 
The samples were prepared by adding the reagents to Sets A to C, Samples 1 to 5 only in the 
following order: 
SetsAandC 
• NaOH 
• Na2S,O. 
• UO,(N03n.6H20 + mU 
SetB 
• Na2S20. 
• U02(N03n.6H,O + mU 
• NaOH 
15 cm' ofDA water were added to the Sample 6 control samples of each Set to ensure the correct 
volume. There was no reduction in Sample 6 of any of the three Sets. 
After centrifugation and removal of the supernatants, the following reagents were added to Set A 
after 1 day of aging of the precipitates; 
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Table 2.6: Volumes of BCHA+Na,S,O. and Na,S,O. Added to the UO, Precipitates (Series 2 
and Series 3) 
Vot. ofDA Vol. of 1500 mg (C) dm·' Final [BCHA) I 
water! cm3 BCHA!cm3 me (0 dm-3 
lA 10.00 0.00 0.00 
2A 8.75 1.25 62.5 
3A 7.50 2.50 125 
4A 5.00 5.00 250 
5A 0.00 10.00 500 
6A 25.00 0.00 0.00 
The samples were shaken vigorously and left to equilibrate for 7 days prior to extraction and 
analysis. The pIl of the samples were monitored after 5 days of equilibration, and were all adjusted 
to pIl -8.2 using HCl or NaOIl. A total of 0.6 cm' were added to each sample. Some of the 
samples required less addition of NaOHIHCI than others. Where this occurred, drops of water 
were added to balance the volumes of the samples. 
After 8 days of aging, Set C underwent the same treatment as Set A, using the same volumes of 
reagents as in Table 2.6 above. Set C was allowed to equilibrate for 4 days prior to extraction and 
analysis. The pH of each sample was monitored before and after addition of BCHA. The E,h. of 
both Sets A and C were recorded at intervals after addition of the BCHA to ensure that a low redox 
potential was maintained throughout the equilibration period. 
After the samples had been allowed to equilibrate, they were extracted for analysis by LSC. As an 
alternative to the centrifugation step employed for the Series I experiments, the following 
procedure was used: 5 cm3 of each sample were extracted using a 5 cm' hypodermic syringe; the 
syringe was fitted with a 0.451!m Pall Acrodisc Syringe Filter, and 3 cm' of the liquid were 
discarded to waste in an attempt to limit possible sorption of the uranium onto the filter; the 
remaining 2 cm' of the solution were injected into a polythene LSC vial; using a I cm3 auto-
pipette, I cm' of the sample was transferred to a separate polythene Lse vial. The process was 
repeated for all of the samples in sets A and C. All of the samples were removed from the glove 
box and IS cm3 of Ecoscint were added to each vial. The samples were analysed by LSC, as per 
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the first solubility experiment, using the same count windows outlined in Section 2.2.1.1, Table 
2.3. 
2.2.2.2 Results and Discussion 
The characteristic greylblack precipitate of D02 was present in Samples I to 5 of Sets A and C. 
The reagents used to prepare Set B had been added in a different order than for Sets A and C, 
where the NaOIl was added last. Addition ofthe reagents in the order of dithionite, uranyl nitrate 
and sodium hydroxide produced a bright yellow precipitate, which is thought to have been uranium 
(IV) sulphate solution. No solubility experiments were performed on Set B. The results for Set A 
and Set C are in Tables 2.7 and 2.8, respectively, 
Table 2.7: Results of the Analysis of the Set A Samples 
Sample [BCHAII me dm" [UII mol dm" pH 
lA 0 4.14 x 10" 8.7 
2A 62.5 3.86 x 10~ 10.2 
3A 125 9.97 x 10" 8.9 
4A 250 9.38 x 10'· 10.5 
5A 500 2.29 x 10'- 8.2 
6A " 1.63 x 10" " 
Table 2.8: Results of the Analysis of the Set C Samples 
Sample IBCHAII mg dm" lUll mol dm" pH 
IC 0 8.76 x 10" 7.2 
2C 62.5 9.85 x 10'0 7.0 
3C 125 1.25 x 10" 7.0 
4C 250 1.29 x 10" 6.9 
5C 500 1.57 x 10"' 6.8 
6C " 1.67 x 10"' " 
Set A was treated with BCIIA after I day of aging, and Set C was treated with BCHA after 8 days 
of aging. From the results in Tables 2.7 and 2.8, aging of the precipitate does not appear to have 
any significant effect on the solubility of U02 from I to 8 days. 
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The results for Sets A and C show uranium concentrations that fit more closely with the proposed 
theory where an increased concentration of BCHA would result in an increased solubility of the 
precipitate due to U(IV)-BCHA complexation. 
In these experiments, the pH and Eshe of the solutions were monitored more closely than for the 
samples in the Series I experiments, and a number of trends were observed: the pH of the solutions 
when they were first prepared was highly alkaline, around pH 11, which noticeably drops over time 
(about two weeks), irrespective of whether BCHA is present or not; the pH values of Set A had 
decreased from pH > II to pH < II over -18 hours, whereas the pH of Set C started at > II had 
• 
decreased to pH -7 after one week of ageing of the precipitates. The decrease in pH had little 
effect on the redox potential of the samples, and throughout the experiment, a highly negative Eshe 
of approximately -450 to -550 mV was maintained. 
Due to a similar pH decrease in this set of experiments that were observed in the Series I 
experiments, attempts were made to adjust the pH of the samples in Set A. No attempt was made 
to adjust the pH of the Set C samples. 
The results for the uranium concentrations of Set A suggest an effect of pH on the solubility of 
U02• Samples lA, 3A and 5A were at similar pH values of around 8 to 9, whereas samples 2A and 
4A were at similar pH values of 10 to 10.5. Two distinct trends can be seen in the two sub sets of 
samples, which are illustrated in Figure 2.2. 
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Figure 2.2: Apparent pH Effect on the Solubility of U02 in the Presence of Increasing 
Concentrations of BCHA (Set A) 
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Note: the values next to each data point on Figure 2.2 are pH values recorded before the samples 
were extracted for analysis. 
Two distinct trend lines can be drawn from the same sample set (Set A) between the solutions at 
pH 8 to 9 (red diamonds) and the solutions at pH 10 to 10.5 (black circles), indicating a pH effect 
on U02 solubility. The observed effect is in contradiction to Rai et al. (Inorg, Chem. 29, 260-264 
(1990))[171, who state that pH has no significant effect on the solubility ofU02 until below pH -3, 
whereas Figure 2.2 suggests that pH does appear to have an effect on U02 solubility, where 
solubility ofU02 shows an apparent decrease with increased pH. 
The results for data from Set A where increased uranium concentration was observed with 
increased BCHA concentration is supported by data from Set C, which shows a trend that increased 
BCHA concentration increases U02 solubility (Figure 2.3). 
The samples analysed in Set C were all at similar pH values between 6.8 and 7.2. From the results, 
a U(IV) solubility enhancement factor of 5 can be calculated, based on the concentration of 
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uranium detected in the control solutions containing no BCHA. Therefore, in the presence of 
BCHA,5 times more UO, is dissolved than in absence of BC HA. 
Figure 2.3: Solubility of UOz in the Presence oflncreasing Concentrations of BCHA (Set C) 
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Series 4 was performed to determine the solubility of UO, in synthetic Boom Clay water (SBCW), 
and to determine the effect, if any, of carbonate present in BCHA on UO, solubility. 
2.2.3.1 Experimental 
The Synthetic Boom Clay Water (SBCW) was prepared as from the recipe outlined in the 
TRANCOM I report[901, and had the following composition: 
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Table 2.9: Composition of SBCW (TRANCOM 1 Report) 
Mineral Mass per litre I Concentration I Mass added I g gdm-3 mmol dm-3 
MgCl,.6H,O 0.022 0.108 0.022 
KCI 0.025 0.335 0.026 
Na,SO, 0.030 0.211 0.038 
NaCl 0.040 0.684 0.040 
NaHCO, 1.170 13.927 1.169 
CaCO, saturated saturated 0.099 
Fe 6.0 x \0-' 0.001 0.126' 
.' ,-3 • 0.126 g of FeCI, was dliuted In JOO cm. J cm of that UT mol dm solutIOn was added to the SBCW 
solution giving afinal [Fe] of JO-6 mol dm-3. 
SBCW was prepared as I L. Iron was added as FeCI" and sodium sulphate was added as 
Na,SO,.IOH20. 
The following solutions were prepared for the preparation of UO, from U02(NO,h.6H20: 
om mol dm-' of U02(NO,)2.6H20 (0.255 g in 50 cm'), was transferred into the glove box along 
with 500 ~I of mU (specific activity = 1.2 MBq cm-') in a Nalgene tube. The solid 
U02(N03h.6H20 was dissolved in -25 cm3 DA water inside the glove box, the mU was added to 
the flask, and the Nalgene tube washed out into the flask. The solution was diluted to volume using 
DA water giving a final specific activity of 12 kBq cm". 0.15 mol dm-' ofNa2S20. (2.613 gin 100 
cm'), and 0.2 mol dm-3 of NaOH (1.7 cm3 46-48 % in 100 cm') were prepared using DA water. 
Table 2.10 outlines the samples prepared using the above reagents. 
Table 2.10: Composition of Solntions Used to Prepare the Series 4 Precipitates 
Sample 0.2 moldm-' 0.15 mol dm~ Na,S,O. 0.01 mol dm~ UO,(N03), NaOH/cm3 Icm3 + 233U I cm3 
1 A+B 2.5 5.0 2.5 
2A+B 2.5 5.0 2.5 
3A+B 2.5 5.0 2.5 
4A+B 2.5 5.0 2.5 
The samples were shaken vigorously to ensure homogeneity, and the resulting precipitates were left 
to age over two weeks. The pH and E,h. of the solutions were measured intermittently over the two 
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week ageing period. A control solution of 2.5 cm' uranyl (VI) nitrate + 7.5 cm' DA water was also 
prepared; however, no reduction was attempted on this solution. 
After two weeks, the samples were centrifuged and the supematants decanted. Two separate 
solutions of BC HA at 168 mg dm-' were prepared: the first was prepared by partially diluting 4.66 
cm' BCHA (TROM 32, TOC = 3603 mg (C) dm-') using DA water outside the glove box, which 
was purged with N2 for -1 hour to drive out 02 and sealed; the second solution of BCHA was 
prepared by acidilYing 4.66 cm' of BC HA using I mol dm-' HCI (5 drops) to lower the pH to -3. 
The addition of HCI was to convert the carbonate within the solution to CO2. The solution was 
purged with N2 for 10 minutes to drive off the CO2 and 0" sealed, and transferred into the glove 
box. Inside the glove box, 200 cm' of 0.1 mol dm-' Na2S20. (3.4804 g) was prepared using DA 
water, and both of the BCHA solutions were adjusted to pH -8.2 using HCI or NaOH, likewise 
with the dithionite solution. The reagents added to each precipitate are outlined in Table 2.1 1. 
Table 2.11: Reagents Added to the UO, Precipitates (Series 4) 
Sample Reagents added 
lA 5 cm' whole BCHA + 5 cm' 0.05 mol dm-' Na,S,O, 
IB 5 cm' whole BCHA + 5 cm' 0.05 mol dm-' Na,S,O, 
2A 5 cm' carbonate free BCHA + 5 cm' 0.05 mol dm·' Na,S,O, 
2B 5 cm' carbonate free BCHA + 5 cm' 0.05 mol dm·' Na,S,O, 
3A 5 cm' SBCW + 5 cm' 0.05 mol dm·' Na,S,O, 
3B 5 cm' SBCW + 5 cm' 0.05 mol dm·' Na,S,O, 
4A 10 cm' 0.05 mol dm-' Na,S,O, 
4B 10 cm' 0.05 mol dm-' Na2S,O, 
.. The solutIOns were left for two weeks to eqUIlIbrate, after whIch the extractIon procedure described 
for Series 2 and 3 (Section 2.2.2) was used to extract 1 cm' aliquots of each sample for analysis. 
2.2.3.2 Results and Discnssion 
Series 4 was performed to investigate two hypotheses: the effect SBCW had on the solubility of 
U02, and whether carbonate present in the BCHA contributed to U02 solubility. The results of 
these experiments are presented in Table 2.12. 
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Table 2.12: Results for the Aualysis of Series 4 Samples 
Sample Reagent Added [V] in supernatant Average [V] 
lA 84 ppm Whole BCHA 3.61 x 10" mol dm-' 
3.87 x 10" mol dm-' 
IB 84 ppm Whole BCHA 4.13 x 10" mol dm" 
2A 84 ppm CO, ,- removed BCHA 4.23 x 10" mol dm" 
3.72 x 10-' mol dm-' 
2B 84 ppm CO," removed BCHA 3.21 x 10" mol dm" 
3A SBCW 2.16 x 10" mol dm-' 
2.21 x 10-' mol dm" 
3B SBCW 2.26 x 10-' mol dm-' 
4A 0.05 mol dm-' Na,S,O. 3.59 x 10" mol dm-' 
3.43 x 10-' mol dm-' 
4B 0.05 mol dm" Na,S,O. 3.27 x 10" mol dm" 
From Table 2.12 it can be seen that the removal of carbonate from the BCHA had no significant 
effect on U02 solubility, with average [UJ of -3.9 x 10-' and -3.7 x 10-' mol dm-3, respectively, for 
carbonate present and carbonate absent. 
The SBCW results had, on average, a lower uranium concentration than the control solutions 
containing only dithionite. The results are not significantly different from either the BCHA 
solutions or the control solution to draw any definite conclusions. 
2.2.4 Series 5 
Series 5 was designed to determine the solubility ofU02 in the presence of SBCW prepared using a 
new recipe for synthetic Boom Clay water. This series of experiments was performed as the recipe 
for synthetic Boom Clay water from the TRANCOM I report had been superseded following 
further investigation into chemical composition by SCK-CEN prior to the commencement of the 
TRANCOM 2 project. 
2.2.4.1 Experimental 
2.2.4.1a Preparation o/Synthetic Boom Clay Water (SBCW) 
The SBCW was prepared using analytical grade reagents bought from Fisher and Aldrich. 
NanoPure water was used throughout. 
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The following minerals were weighed and transferred into aIL volumetric flask: 
Table 2.13: Mineral Composition ofSBCW 
Mineral 
NaHCO, 
H,BO, 
KCl 
'MgCh.6H2O 
NaP 
NaCI 
FeCI, 
' Na2S0, 
-Total Dissolved Salt 
"'hygroscoPIC salt 
'very sensitive to oxidation 
'10 ml 00 mg dissolved in 100 ml 
--12 mg H20 ~ 1272.3 mg (anhydrous) 
mgdm·' 
1177 
42 
23 
23 
11 
10 
3 
0.3 
1284.3 
gmor' moldm~ 
83.996 1.39 x 10·· 
61.834 6.95 x 10-4 
74.555 3.35 x 10 
203.218 1.08 x 10'" 
41.988 2.62 x 10-4 
58.443 1.71 x 10·' 
126.751 2.37 x 10·' 
142.041 2.11 x IO~ 
-
1.55 x 10·' 
The sodium sulphate was added as a spike by dissolving 3 mg of Na2S0. in 100 cm3 water, and 
addition of 10 cm3 to the 1 L vessel. 8.7 g of Na2S20. were added to the vessel to ensure a 
reducing environment was maintained at all times. I g of calcium carbonate was added followed 
by 1 week of constant stirring to ensure super-saturation of the solution with Ca2+. After 1 week of 
stirring, the solution was bubbled with 0.4 % CO2 / balance N2 gas until a constant pH was reached. 
Ultrafiltration through a Whatman 30,000 Dalton membrane was perfonned to remove excess 
CaC03 and the solution was bubbled a second time with 0.4 % CO2 / balance N2 until a constant 
pH was reached. Table 2.14 outlines the total ionic composition of the solution. 
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Table 2.13: Total Ionic Composition of SBCW 
Ion Charge Ion mol dm" g mor' mgdm" 
Cations Na 1.44 x 10-- 330.3 22.990 
K+ 3.35 x 10 13.1 39.098 
Mg'~ 1.08 x 10- 2.6 24.305 
Ca" saturated saturated 40.078 
Fe-+ 2.37 x 10-' 1.3 55.845 
Sum Cations <eq g-') 1.50 x 10-- 347.3 
-
Anions HCO,- 1.39 x 10-- 849.9 61.017 
cr 7.70 x 10 27.3 35.453 
p- 2.62 x 10 5.0 18.998 
SO/- 2.11 x 10-<> 0.2 96.064 
Sum Anions <eq g-') 1.50 x 10-' 882.4 
-
Neutral B(OH), 6.95 x 10- 43.0 61.834 
-
Total Dissolved Salts 
- -
1272.8 
2.2.4.1 b Preparation of UOdor use in SBCW Solubility Experiments 
The following solutions were prepared inside the glove box using DA water: 2 mol dm-3 NaOH (17 
cm3 46-48 % in lOO cm3); 0.1 mol dm-3 NazS204 (1.7431 g in lOO cm3); and 0.01 mol dm-3 
U02(NO')2.6H20 (0.348 g in 50 cm3). A 500 III spike of mU was added the U02(N03)2.6H20 
before the solution was made to volume giving a specific activity of 12 kBq cm-3. 
35 solutions were prepared in 15 cm3 polypropylene centrifuge tubes in 5 cm3 volumes using the 
following composition in the following order: 
• 1.25 cm3 of2 mol dm-3 NaOH; 
Three control samples (no U(VI) reduction) were prepared by diluting 1.25 cm3 of om mol dm-3 
U02(N03)26H20 + mU with 3.75 cm3 ofDA water. 
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The samples were shaken vigorously and left to stand inside the glove box for two weeks with 
intermittent shaking. Before the samples were treated with BCHA and SBCW the pH and E.be 
values of a cross-section of the solutions were measured. 
After two weeks of standing with intermittent shaking, 9 of the 35 samples were centrifuged for 30 
minutes at 5000 rpm using a Hettich Zentrifugen EBA 30 centrifuge outside the glove box although 
the samples were kept shut at all times to avoid potential oxidation. After transfer back into the 
glove box, the supematants were decanted and 5 cm3 of 0.05 mol dm·3 Na2S204 were added to each 
precipitate, shaken, and centrifuged a second time. The supematant was discarded and the 
precipitates were treated with BCHA diluted using SBCW. 
A 1000 mg (C) dm·3 solution of BC HA was prepared by diluting 12.2 cm3 ofTROM 37 (TOC = 
2047.39 mg (C) dm·3) in SBCW. A solution of 0.4 mol dm-3 N-2-Hydroxyethylpiperazine-N'-2-
ethanesulphonic acid (HEPES) buffer solution (pH 8.2) was prepared in order to keep the pH of the 
solutions at pH -8.2. 
The solutions prepared using the BCHA and the 0.1 mol dm-3 Na2S204 are outlined in Table 2.14. 
Table 2.14: Composition of Solutions Containing Varying Concentrations of BCIIA in 
SBCW 
[BCHA] Vol. BCHA + SBCW Vo!. Na,S,04 Vol.HEPES 
I mg (C) dm·3 I cm' I cm3 lem' 
500 2.5 0 2.5 
100 0.5 2 2.5 
50 0.25 2.25 2.5 
20 0.1 2.4 2.5 
10 0.05 2.45 2.5 
0 0 2.5 2.5 
The samples were shaken vigorously and allowed to stand for two weeks to equilibrate, after which 
the pH and E,he values of the samples were measured, and the supematants were extracted using the 
filtration method described in Series 1 (Section 2.2.1). 
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2.2.4.2 Results and Discussion 
Table 2.15 shows the measured pH and E,he values of a cross-section of the U02 solutions the day 
after their initial preparation. The high pH and highly negative redox potential will assure that the 
oxidation state of the uranium with be U(IV), and not U(VI), and that the most probable molecular 
formula of the precipitate will be U02 due to the high Off concentration. 
Table 2.15: pH and E.ho Values for the UO, Samples After Initial Preparation 
Sample Number pH E'hplmV 
3 13.20 -579 
6 13.24 -577 
13 13.26 -583 
16 13.27 -580 
23 13.24 -586 
26 13.26 -584 
33 13.22 -578 
Prior to extraction of the samples for analysis, the pH and E"'e values were measured again to 
ensure the samples were at suitable pH, and an Eshe indicative of the reducing environment required 
for the presence ofU(IV). The results for the pH and Eh are in Table 2.16. 
Table 2.16: pH and E ••• Values of the UO, Solutions Two Weeks After the Addition of the 
BCHA and SBCW 
(BeHA) I mg (C) dm" pH E,.,I mV 
500 7.69 -394 
100 7.67 -428 
50 7.69 -432 
20 7.68 -436 
10 7.67 -438 
o (i) 7.66 -432 
o (ii) 7.65 -434 
o (iii) 7.67 -433 
o (iv) 7.65 -433 
The pH values for all of the samples are consistent, although the pH would ideally be closer to pH 
-8.2. The drop in pH has been observed during previous experiments, and was attributed to the 
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presence of the dithionite. The E,he values are all highly negative, as was expected, although there 
is a variation in the 500 mg (C) dm-3 sample where the E,he is more positive than the other samples. 
Table 2.17 outlines the results for the analysis of the BCHA in SBCW. The first column is the 
sample name, where the first four samples were replicates of the control sample where no BCHA 
was added, and the second column lists the uranium concentrations calculated using the measured 
activity of the control solution, and the original uranium concentration of the control solution 
(0.0025 mol dm-3). 
Table 2.17: Results for un, Solubility in BCHA and SBCW 
[BCHAlSBCWJ I [U)I mol dm-3 
m2 (C)dm-3 
O(i) 1.45E-05 
O(ii) 1.84E-05 
O(iii) 1.70E-05 
O(iv) 2.40E-05 
10 9.54E-06 
20 I. I 8E-05 
50 USE-05 
100 I.S7E-05 
500 2.21E-OS 
Figure 2.4 is a plot of BCHA concentration against the uranium concentration in the corresponding 
samples. 
From Table 2.17 and Figure 2.4 it can be seen that the control data point at [BCHA] = 0, which was 
taken as an average of the four 0 mg (C) dm-3 [BCHA] samples prepared, contains a higher 
concentration of uranium than expected. As the four samples (O(i) to O(iv» contained SBCW but 
no BCHA, the uranium concentrations were expected to be less than for the samples containing 10 
mg (C) dm-3 BCHA. 
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Figure 2.4: Solubility ofU02 in the Presence ofSBCW and SBCW+BCHA 
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If the 0 mg (C) dm-3 datum is omitted from the plot, there is good correlation between the 
remaining samples up to 100 mg (C) dm-3• The 500 mg (C) dm-3 sample has a slightly lower 
concentration of uranium than would be expected from the trend of the lower concentration 
samples causing a plateau to occur at the higher concentration of BCHA. This phenomenon has 
been observed in previous experiments where higher concentrations of BC HA (above -200 mg (C) 
dm-3) have a tendency to contain similar concentrations of uranium, no matter what the BCHA 
concentration. The plateau effect, as seen in Figure 2.3, seems to suggest a saturation point has 
been reached. This should only be possible if all of the U02 precipitate has dissolved, which is not 
the case in this experiment, and was not the case in previous experiments. 
A possible explanation for the plateau effect is that the uranium detected is actually U(VI), not 
U(lV), although the highly negative Eshe suggests U(lV) would be the dominant uranium oxidation 
state, not U(VI). Another possible explanation is that an increase in uranium concentration would 
be seen with an increased concentration of BCHA. This hypothesis cannot be explored using LSC 
as, when the BCHA concentration gets above about 1500 - 2000 mg (C) dm-3, total quenching of 
the uranium signal occurs rendering the results impossible to interpret even with quench correction. 
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The results for the uranium concentrations measured in solution are comparable with previous 
experimental data using BCHA in water, not SBCW. It is currently unknown as to why the control 
samples with only SBCW have elevated uranium concentrations, although the presence of another 
reducing agent within the extracted BCHA seems plausible. U(VI) will not be reduced by the 
humic acid fraction of the BCHA, as reduction ofU(VI) by humic acid does not occur[481. 
2.2.5 Series 6 
Series 6 was performed to test the stability of the UO, precipitate with respect to re-oxidation by 
initial omission of a redox conditioner during the equilibration phase. 
2.2.5.1 Experimental 
All solids were weighed outside the glove box, and all solutions were prepared inside the glove box 
using DA water. A solution of 0.014 mol dm·3 UO,(N03),.6H,O (0.3483 g) was prepared in a 50 
cm
3 
volumetric flask. Before dilution to volume, 500 III of 233U tracer were washed into the flask 
from a Nalgene centrifuge tube. A 0.1 mol dm·3 Na,S,04 (\.7830 g), and 0.4 mol dm·3 NaOH (0.43 
cm3 of 46-48 %) were prepared in 100 cm3 and 50 cm3 volumetric flasks, respectively. UO, 
precipitates were prepared by mixing 2.5 cm3 of 0.4 mol dm·3 NaOH, 5.0 cm3 of 0.1 mol dm·3 
Na,S,04, and 2.5 cm3 ofUO,(N03),.6H,O + 233U. The mixtures were shaken vigorously and left to 
react. The pH and E,h. of the solutions were measured to ensure high pH and a reducing 
environment was maintained. 
0.1 mol dm·3 HEPES buffer (5.9258 g) was prepared inside the glove box in a 250 cm3 volumetric 
flask. The buffer solution was adjusted to pH 8.23 using NaOH. 500 mg dm-3 AHA (0.0501 g) 
was prepared by dissolving purified AHA in the HEPES solution in a 50 cm3 volumetric flask. 500 
mg (C) dm-3 BCHA was prepared by diluting 8.9 cm3 ofTROM 35 (TOC = 2807.54 mg dm-3) with 
HEPES in a 50 cm3 volumetric flask. 
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The VO, precipitates were centrifuged for 30 minutes at 4500 rpm and the supematants decanted. 
Table 2.18 shows the volumes of BC HA, AHA, and HEPES added to the precipitates. 
Table 2.18: Volumes of BC HA or AHA, and HEPES Added to the V02 Precipitates 
[BCHA] I mg (C) dm'" or VoL BCHA I cm3 VoL HEPES I cm3 IAHAII mg dm..} 
500 10.0 0.0 
250 5.0 5.0 
lOO 2.0 8.0 
75 1.5 8.5 
50 1.0 9.0 
25 0.5 9.5 
10 02 9.8 
Four control solutions with no humic material present were prepared by adding 10 cm3 of 0.1 mol 
dm-3 HEPES solution to the precipitates. All solutions were shaken vigorously and left to react. 
No Na,S,O. was initially included in the solutions after precipitation. Solid Na,S,O. was added to 
each sample to maintain a low E,h,. Table 2.19 shows the weights of Na,S,O. were added to each 
sample in order to provide a 0.05 mol dm·3 Na,S,O. concentration. 
Table 2.19: Mass ofNa,~04 added to each sample 
Sample Na,S,O. added I g 
500 mg dm·' AHA 0.0795 
250 mg dm·' AHA 0.0825 
100mgdm·' AHA 0.0834 
75mgdm·' AHA 0.0869 
50 mg dm·' AHA 0.0801 
25 mg dm·' AHA 0.0820 
10 mg dm·' AHA 0.0832 
500mg C) dm·' BCRA 0.0840 
250mg C)dm·'BCHA 0.0841 
lOO mg (C) dm·' BCRA 0.0879 
75 mg (C) dm·' BCRA 0.0844 
50 mg (C) dm·' BCHA 0.0823 
25 mg (C) dm·' BCHA 0.0856 
10 mg (C) dm·' BCHA 0.0837 
Control I 0.0811 
Control 2 0.0851 
Control 3 0.0849 
Control 4 0.0786 
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The samples were shaken vigorously after the addition of the dithionite and allowed to stand. The 
E,h, of each sample was recorded again. 
Before extraction of the supernatants for analysis, the pH and E,he values were measured a third 
time. It was found that pH of the solutions had decreased from the expected pH -8.2; therefore, 
0.1 mol dm-3 NaOH was used to increase the pH ofthe solutions back to pH -8.2. 
Extraction of the samples was perfonned as per the method described in previous experiments 
(Section 2.2.2). 
2.2.5.2 Results and Discussion 
Due to the absence of any E,h, conditioner in the initial treatment of the precipitated U02, the redox 
potential of the samples was higher than recorded in previous experiments. Over time, the E,h, of 
the solutions would become more positive as oxygen ingress occurred, and total oxidation of the 
U(IV) to U(VI) would occur. After I day there was a slight increase (Le. more positive) in E,h" 
and after 2 days, the E,h, increase was much more pronounced (-100 m V). Therefore, solid 
Na2S20. was added to each solution in order to maintain a reducing environment. 
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Table 2.20: Final pH and E, •• of the Samples and the E, •• Recorded 1 week Prior to Sample 
Extraction after NalS,O. Addition 
Sample IUI! mol dm·' pH Final E, •• ! m V Initial E, •• ! m V 
500 mg (C) dm·' BCIIA 6.34 x 10-5 8.21 -487 -483 
250 mg (C) dm·' BCHA 6.39 xIO·S 8.22 -486 -484 
lOO mg (C) dm·' BCHA 4.70 x IO-s 8.21 -485 -482 
75 mg (C) dm·' BCHA 3.74 x IO-s 8.21 -485 -483 
50 mg (C) dm·' BCHA 3.62 x 10-5 8.22 -489 -485 
25 mg (C) dm·' BCHA 1.88 x IO-s 8.21 -488 -483 
10 mg (C) dm·' BCHA 2.43 x lO.s 8.21 -489 -481 
500 mg dm·' AHA 8.18x lO·s 8.21 -477 -488 
250 mg dm·' AHA 4.51 x IO-s 8.21 -480 -491 
100mgdm·' AHA 1.76 x IO-s 8.22 -482 -492 
75 mg dm·' AHA 1.38 x IO-s 8.22 -484 -492 
50 mg dm·' AHA 1.25 x lO·s 8.21 -481 -491 
25 mg dm·' AHA 4.06 x 10.6 8.22 -481 -489 
10mgdm·' AHA 4.79 x 10-6 8.22 -483 -486 
ContraIl 1.50 x IO-s 8.23 -489 -482 
Control 2 1.65 x lO·s 8.22 -489 -481 
Control 3 1.69 x 10·s 8.22 -491 -480 
Control 4 1.33 x \O·s 8.22 -493 -483 
The 'Final Eshe' column was the redox potential before the samples were extracted for analysis, the 
'Initial E,.; column are the redox potential values recorded -I hour after the addition of the 
dithionite. There was little change in the E,h. over the time period the samples were allowed to 
equilibrate. 
Due to the rise in redox potential, a need for a redox conditioner during the equilibration stage was 
demonstrated. Oxygen ingress into the samples would have caused oxidation ofthe U(N), thereby 
giving false U(N)-BCHA results through U(VI) complexation with the BCHA, resulting in an 
apparent increased uranium concentration. 
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2.2.6 Series 7 
Series 7 was performed to compare the dissolution power of BC HA and acid purified AHA. 
2.2.6.1 Experimental 
An solids were weighed outside the glove box, and an solutions were prepared using DA water. 
The UO,(NO,h.6H,O used was prepared in Series 6 (Section 2.2.5). Solutions of 0.1 mol dm" 
Na,S,O. (1.7816 g), and 0.4 mol dm" NaOH (0.43 cm' of 46-48 %) were prepared in lOO cm3 and 
50 cm' volumetric flasks, respectively. UO, precipitates were prepared by mixing 2.5 cm3 of 0.4 
mol dm·3 NaOH, 5.0 cm" of 0.1 mol dm·3 Na,S,O., and 2.5 cm' ofUO,(NO,),.6H,O + 233U. The 
mixtures were shaken vigorously and left to react. The pH and Eh of the solutions were measured 
to ensure high pH and a reducing environment was maintained in the solutions. 
A mixture of 0.1 mol dm-' HEPES buffer (5.9203 g) and 0.1 mol dm" Na,S,O. (4.3526 g) was 
prepared inside the glove box in a 250 cm' volumetric flask. The solution was adjusted to pH 8.23 
using NaOH. 500 mg dm-' AHA (0.0498 g) was prepared by dissolving purified AHA in the 
HEPESlNa,S,O. solution in a 50 cm3 volumetric flask. 500 mg (C) dm-3 BCHA was prepared by 
diluting 8.9 cm3 of TROM 35 (TOC = 2807.54 mg dm-3) with HEPESI Na,S,O. in a 50 cm3 
volumetric flask. 
The UO, precipitates were centrifuged for 30 minutes at 4500 rpm and the supematants decanted. 
Table 2.21 shows the volumes of BC HA, AHA, and HEPES added to the precipitates 
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Table 2.21: Volumes of BC HA or AlIA, and HEPES added to the precipitates 
IBeHAlf rng (C) drn-' or Vo\. BCHA or AHA Vol. HEPES + Na,S,O, 
[AHAlf rng drn-3 fern3 fern3 
500 10 0 
250 5 5 
100 2 8 
75 1.5 8.5 
50 1 9 
25 0.5 9.5 
10 0.2 9.8 
Four control solutions with no humic material present were prepared by adding 10 cm3 of 0.1 mol 
dm-3 HEPES solution to the precipitates. All solutions were shaken vigorously and left to react. 
2.2.6.2 Results and Discussion 
In Series 6, dithionite was added to each sample as a solid after all the precipitates had been treated 
with BCHNAHA and HEPES. In Series 7, dithionite was added as a reagent after centrifugation 
of the precipitate. The samples in Series 6 had no Eh conditioner during the first two days of 
equilibration, and therefore oxidation may have occurred. Series 7 had ~ conditioner from the 
start of the equilibration stage, and therefore oxidation should have been restricted by the presence 
of dithionite. The final Eshe values in Table 2.22 are similar to the initial E,he values recorded after 
the BCHN AHA and HEPES + dithionite was added. 
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Table 2.22: UO, Solubility in the Presence of BC HA and AlIA 
mg(C) dm'" pH Eshe I mV lUll mol dm·3 
500 7.93 -472 6.25 x W-5 
250 7.91 -474 2.38 x 10-5 
BCHA 100 7.91 -471 3.85 x 10,5 
75 7.92 -476 3.51 x 10,5 
50 7.90 -479 2.59 x 10,5 
25 7.88 -473 2.42 x 10,5 
10 7.90 -472 2.81 x 10,5 
mgdm-3 pH E,h.! mV lUll mol dm,3 
500 7.84 -461 1.07E x 10,4 
250 7.83 -462 7.40 x 10,5 
AHA 100 7.80 -459 3.69x 10,5 
75 7.79 -458 6.15 x 10,6 
50 7.81 -460 9.81 x 10,6 
25 7.78 -457 6.47 x 10-6 
10 7.79 -455 6.47 x 10-6 
Table 2.22 shows the uranium concentration in each sample of both the AHA and BCHA solutions. 
The average [UJ for BCHA and AHA were 3.40 x 10-6 mol dm,3 and 3.53 x 10-6 mol dm,3, 
respectively. The average of the four control solutions was 2.31 x lO's mol dm,3. 
There is no appreciable difference between the mean solubility of U02 in the presence of BCHA to 
that of AHA, with both showing mean uranium concentrations of -3.5 x 10-6 mol dm,3. From 
Table 2.22 it can been seen that there is a general enhancement in uranium concentration as the 
concentration of BCHAlAHA increases, indicating increased complexation with increased humic 
acid concentrations; however, the concentrations of uranium are still too high to be comparable to 
literature values. 
2.3 CONCLUDING REMARKS RELATING TO U(IV) EXPERIMENTAL PBASE 1 (SERIES 1-7) 
2.3.1 Evolved Protocol 
Through the experimental procedures used on Phase 1 of this work, an optimised experimental 
protocol for the reduction of U02(N03)2.6H20 to U02 has been developed, and can be summarised 
as follows: 
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All experiments were conducted in a N2 atmosphere glove box. The oxide was precipitated by 
mixing the following solutions: 
• NaOH (2.5 cm3 of 0.4 mol dm-3); 
• Na2SP4 (5.0 cm3 of 0.10 mol dm-3); and 
• U02(N03)2 (2.5 cm3 of 0.01 mol dm-3 containing 233U tracer). 
The precipitates were aged for 2 weeks with intermittent shaking to ensure homogeneity, and the 
pH and Eshe were monitored. The samples were centrifuged, the supematants decanted, and the 
precipitates washed with N~S204' The samples were re-centrifuged and the washings discarded. 
The washed precipitates were treated with the following: 
• Na2SP4 (2.5 cm3 of 0.20 mol dm-3); 
• HEPES buffer (2.5 cm3 of 0.4 mol dm-3; pH 8.2); and 
• BCHA /Hp (5 cm3). 
The concentrations of BCHA added were varied to assess whether the degree of U(IV)-BCHA 
complexation increased with increasing concentrations of humic acid. BCHA (x cm3) was 
balanced with H20 (5 - x cm3) to give a range of BCHA concentrations associated with each U02 
precipitate. 
The resulting mixtures were equilibrated for 2 weeks with intermittent shaking to ensure 
homogeneity. Before extraction of the supematants for LSC analysis, the pH and Eshe were 
recorded. Samples of the supematants were extracted by hypodermic syringe, and filtered through 
a 0.45 J.UD membrane to remove particulate U02. The specific activities (dpm cm-3) were 
determined by LSC and the total concentrations of U02 in I cm3 of the supematants were 
calculated with reference to a control solution where no reduction of U(VI) to U(IV) was 
attempted. 
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2.3.2 Explanations of High U02 Solubilities 
The observed uranium solubilities for uranium (IV) oxide in Phase 1 were relatively high 
(i.e. -1 x 10-5 mol dm-3 to 1 x 10-6 mol dm-3) compared to the accepted literature values of -1 0-8 
mol dm-3 to 10-9 mol dm-3[l7]. Several explanations were advanced for the difference in solubilities 
including the, 
i. formation ofU(IV) complexes with S20l- or SOlo; 
ii. formation of carbonato complexes; 
iii. presence ofU(VI); and 
IV. formation of polynuclear or colloidal U(IV) species. 
2.3.2.1 Investigations Relating to Explanations (i) and (ii), i.e. Possible Additional 
Complexation Involving S- and carbonato-Iigands 
Modelling studies using CHESS[91] were undertaken assuming only U(IV) was present. The results 
indicated that complexation by carbonate and/or S containing ligands was unlikely to be the reason 
for the high solubilities. Also, the effects of carbonate was investigated by experimentation (Series 
4, Section 2.2.3) and no enhancement was detected. 
2.3.2.2 Investigations Relating to Explanations (ill) and (iv), i.e. Oxidation and Colloidal 
Formation 
Perusal of literature indicated that the most likely cause of the high uranium concentrations was 
due, in part, to the oxidation of U(IV) to U(VI) by the presence of traces of 02 remaining in the 
solutions that was not removed by the presence of dithionite. Rai el a]ll7] state that the oxygen 
fugacity must be less than 10-65 atmospheres to prevent re-oxidation of U(IV) to U(VI). In the 
experiments documented by Rai et al., iron or zinc was included to remove final traces of 02 from 
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solution. Therefore, within Phase 2 of these experiments, (Series 8 to 12), granular Fe was 
included as an additional oxygen scavenger. 
To explore the possibility of colloidal formation, an ultrafiltration step was included in the Series 
II experiments. 
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2.4 U(IV) EXPERIMENTAL PHASE 2 (SERIES 8 TO 12) 
2.4.1 Series 8 
Series 8 was designed to establish the effect of the presence of iron granules as an additional 
oxygen scavenger to remove O2 traces from reagents before use. 
2.4.1.1 Experimental 
De-aerated water was prepared as before, and Fe granules were added to the water -24 hours prior 
to use. 0.01 mol dm·3 UO,(N03),.6H,O + 233U tracer (0.3483 g [specific radioactivity = 12 kBq 
cm·3]) was prepared in Series 6 (Section 2.2.5). A solution of 100 cm3 of 0.1 mol dm-3 Na2S,04 
(1.7438 g) was prepared, and the NaOH used was 0.2 mol dm·3 volumetric standard bought from 
Fisher (carbonate free, opened in the glove box). U02 was precipitated by mixing 1.25 cm3 of 
UO,(N03),.6H,O + 233U tracer, 1.25 cm3 of NaOH, and 2.5 cm3 of Na,S,04 in plastic centrifuge 
tubes (Alpha). The samples were shaken and allowed to age for I week. Prior to the centrifugation 
step, the pH and E,h, were measured. 
0.4 mol dm-3 HEPES (4.7724 g, adjusted to pH 8.2), and 400 mg (C) dm-3 BCHA (7.1 cm3 of 
TROM 35 [TOC = 2807.54 mg dm-3)) were prepared in de-aerated water in 50 cm3 volumetric 
flasks. 
U02 precipitates were centrifuged for 30 minutes at 5500 rpm using a Hettich Zentrifugen EBA 30 
centrifuge and the supernatants decanted. Table 2.23 shows the volumes of BCHA, HEPES and 
dithionite/water added to the precipitates. 
Table 2.23: Volumes of Reagents Added to the U02 Precipitates 
Sample BCHA/cm' HEPES/cm' Na,S,O,/ cm' DA water / cm' 
BCHA + dithionite 1.25 1.25 2.5 -
BCHA - dithionite . 1.25 1.25 - 2.5 
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For both presence and absence of dithionite, 5 samples were prepared, and DA water was used to 
balance the volumes in the mixtures containing no dithionite. 0.1 g Fe granules were added to each 
sample, and the mixtures were shaken and left to equilibrate for I week. The pH and E,h. of each 
sample was analysed prior to sample extraction. Sample extraction was performed as before using 
0.45 ~m syringe filters. Analysis was performed by both LSC using Ecoscint liquid scintillation 
cocktail, and by gas proportional counting. 
For gas proportional counting, 250 ~I of each sample were placed onto a planchette using a 
I cm3 auto-pipette. The sample was spread over the plachette using methanol and allowed to dry 
overnight. Counting was performed using an argon/methane carrier gas. 
2.4.1.2 Results and Discussion 
As before, the characteristic greylblack precipitate of U02 was seen for each sample. The pH and 
E,h. of each sample was recorded before sample extraction. The results of the liquid scintillation 
analysis of the samples are presented in Table 2.24. 
Table 2.24: UOl Solubility in the Presence of BCHA Analysed by Liquid Scintillation 
Counting; Samples Equilibrated with Both Fe (no Nal Sl 04) • and Fe + Nal Sl 04 
[BCHAj mg (C) dm·' pH E, •• I mY [Ujl mol dm·' 
10 8.26 -452 2.04 x 10-6 
25 8.29 -456 2.03 x 10-6 
Fe 50 8.24 -465 9.01 x 10-7 
75 8.26 -459 1.39 x 10-6 
lOO 8.27 -458 3.92 x 10-6 
250 8.28 -456 5.76 x 10.6 
[BCHAj mg (C) dm·' pH Eshe I mV [Ujl mol dm·' 
10 8.34 -540 1.22 x 10.6 
25 8.33 -538 1.51 x 10.6 
Fe+ Na,S,O. 50 8.34 -542 1.93 x 10.6 
75 8.36 -545 1.49 x 10-6 
lOO 8.36 -554 1.85 x 10-6 
250 8.36 -576 l.15 x 10-6 
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From Table 2.24, it can be seen that, on average, the presence of Fe granules appears to have 
decreased the apparent solubility of V02 by an order of magnitude when compared to previous 
experimental results in Phase I ([VJ - 10-5 to 10-6 mol dm-3). The first data set in Table 2.24, 
which are for samples that contained both Fe and dithionite, gave a mean dissolved uranium 
concentration of 1.52 x 10-6 mol dm-3• The second data set, for samples that contained Fe only, 
gave a final dissolved uranium content of 2_67 x 10-6 mol dm-3• Therefore, the combination of 
dithionite and Fe appears to have maintained the reducing environment more effectively than Fe 
alone, although the difference between the meaned results is marginal. Dithionite is known to be 
less effective at lower pH, preferring a highly alkaline pH to perform its reducing function 
properly, whereas Fe has no such reliance on pH. Therefore the presence of Fe should effectively 
lower the O2 content ofthe solutions at the lower pH. 
Even with the addition of Fe granules as an additional oxygen scavenger, the solubility of V02 
remained high when compared to literature values (i.e. 10-8 to 10-9 mol dm-3). 
There does not appear to be any distinct trend in either of the sets of data in Table 2.24. There is no 
consistent increase in uranium content with an increase of BCHA. 
Analysis of the samples was also performed using a second technique, gas proportional counting, 
using an ArlMe carrier gas. The results for Fe + Na2S204 and Fe only solutions are presented in 
Table 2.25. 
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Table 2.25: UO, Solubility in the Presence of BCIIA Analysed by Gas Proportional 
Counting; Samples Equilibrated with Both Fe (no Na,S,04) ,and Fe + Na,S,04 
[BCHA) mg (C) dm..J pH E,., , mV [U) 'mol dm-' 
10 8.26 -452 6.441 x 10-7 
25 8.29 -456 6.833 x 10-7 
Fe 50 8.24 -465 2.792 x 10-7 
75 8.26 -459 5.388 x 10-7 
100 8.27 -458 1.972 x 10-6 
250 8.28 -456 2.787 x 10-6 
[BCHA) mg (C) dm-' pH Eshc I mV [U) 'mol dm"' 
10 8.34 -540 8.079 x 10-7 
25 8.33 -538 9.947 x 10-7 
Fe+ Na,S,O. 50 8.34 -542 1.155 x 10-7 
75 8.36 -545 8.422 x 10-7 
lOO 8.36 -554 9.337 x 10.7 
250 8.36 -576 1.109 x 10.6 
The mean U~ solubility for Fe + Na2S204 was 9.74 x 10.7 mol dm·3, and for Fe only was 
1.51 x 10-{; mol dm·3. Results obtained by gas proportional counting are in reasonable agreement 
with uranium concentrations calculated from the liquid scintillation data. Again, there does not 
appear to be a trend in the results as the BeRA concentration increases. 
2.4.2 Series 9 
Series 9 investigated the consequences of precipitating U02 at a lower pH in the presence of Fe 
granules only. 
2.4.2.1 Experimental 
The DA water used in this experiment was prepared as before and Fe granules were added to the 
water -24 hours before use. A stock solution of 0.01 mol dm·3 U02(N03)2.6H20 + 233U tracer 
(0.2524 g, specific activity = 12 kBq cm·3) was prepared inside the glove box using DA water. I g 
of Fe granules was weighed directly into centrifuge tubes. 0.4 mol dm-3 HEPES (4.7618 g) was 
prepared in a 50 cm3 volumetric flask using DA water, and adjusted to pH 8.3 using NaOH. 2.5 
cm3 of DA water were added to each tube, along with 1.25 cm3 of the U02(N03),.6H20 + 233U 
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tracer and 1.25 cm3 of HEPES buffer. The mixtures were shaken and allowed to age for I week 
prior to sample extraction. No further manipulation of the precipitates was attempted. 
The pH and E,h, of the mixtures were measured before sample extraction. Aliquots of the samples 
were filtered through a 0.45 /.lm syringe filter and I cm3 of each samples was analysed by LSe in 
Ecoscint liquid scintillation cocktail. 
2.4.2.2 Results and Discussion 
Before sample extraction, the pH and Il.!" was measured, and the results are outlined in Table 2.26, 
along with the calculated uranium concentrations of the supematants. 
Table 2.26: Solubility ofUO, Prepared at pH -8.2 Using Fe Only as a Reductant 
Sample pH E,h, I mV [U) I mol dm,3 
1 8.66 -317 8.25 x 10,8 
2 8.64 -314 8.82 x 10-8 
2 8.63 -317 3.54 x 10-8 
4 8.63 -331 3.15 x 10,8 
5 8.55 -333 1.05 x 10,7 
6 8,73 -298 1.02 x 10-7 
7 8.71 -302 4.11 x 10-8 
The centrifugation step used in previous experiments to remove the reaction mixture used to form 
the V02 was omitted in this experiment. The precipitates were not treated in any way after the 
initial reagents were mixed. The mean uranium concentration from data in Table 2.24 is 6.94 x 10-
8 mol dm,3, which is an order of magnitude closer to the upper bound literature value of -I 0'8 mol 
dm,3 than the results of previous experiments. The apparent solubility was obtained with a mean 
redox potential of -317 mY, which is approximately 100 mY more positive than with dithionite 
present. 
The lower uranium concentrations detected in the samples prepared in this experiment may be 
attributable to the omission of the centrifugation/decanting step. The supematant above the solid 
77 
Section 2.4 U(IV) Experimental Phase 2 (Series 8 to 12) 
phase was not decanted as in previous experiments, and no further reagents were added to the 
samples. Therefore, the opportunity for O2 to ingress into the samples was restricted, and as such 
oxidation ofU(IV) to U(VJ) would be limited. 
2.4.3 Series 10 
Series 10 was designed to investigate the effect of Fe and dithionite together in the presence and 
absence of BCHA. 
2.4.3.1 Experimental 
DA water used in this experiment was prepared as before. Fe granules were added to all reagents 
prior to use in order to remove any traces of oxygen, with the exception of the UO,(N03)' solution. 
0.01 mol dm,3 UO,(N03),.6H,O + 233U tracer (1.0069 g [specific activity = 6.6 kBq cm,3]), and 0.1 
mol dm,3 Na,S,O. (1.7413 g) were prepared n 100 cm3 volumetric flasks. UO, precipitates were 
prepared by mixing 1.25 cm3 of UO,(N03),.6H,O + 233U tracer, 1.25 cm3 of 0.2 mol dm,3 NaOH 
(volumetric standard), and 2.5 cm3 ofNa,S,O. in plastic centrifuge tubes (Alpha). The solutions 
were shaken and left to age for I week. 
A solution of 400 mg (C) dm,3 BCHA was prepared by diluting 7.1 cm3 of BCHA (TOC = 2807.54 
mg (C) dm,3) in DA water in a 50 cm3 volumetric flask. 0.1 mol dm,3 Na,S,O. (1.7427 g), and 0.4 
mol dm,3 HEPES (4.7683 g) were prepared. The HEPES buffer was adjusted to pH 8.2 using 
NaOH. 
UO, precipitates were centrifuged for 30 minutes at 5500 rpm and the supematants decanted. 
Table 2.27 shows the volumes of BCHA, HEPES, and dithionite added to each solution. 
78 
Section 2.4 U(IV) Experimental Phase 2 (Series 8 to 12) 
Table 2.27: Volumes of Reagents Added to Each Precipitate 
Sample BeHA I cm' HEPES/cm' Na,S,O.1 cm' DA water I cm' 
+BCHA 1.25 1.25 2.5 
-
-BCHA 
-
1.25 2.5 1.25 
For both presence and absence of BCHA, 5 samples were prepared, and DA water was used to 
balance the volumes in the mixtures containing no BCHA. 0.1 g Fe granules were added to each 
sample, and the mixtures were shaken and left to equilibrate for I week. The pH and E,he of each 
sample was analysed prior to sample extraction, which was performed as before, although 0.1 ).Im 
syringe filters were used as opposed to the 0.45 J.Iffi filters in previous experiments. Analysis was 
performed by LSC using Ecoscint liquid scintillation cocktail. 
2.4.3.2 Results and Discussion 
As with previous experiments, the redox potential was highly reducing, with an average of 
approximately -460 m V compared to the standard hydrogen electrode. The pH of the samples 
settled at about pH 7.91 for the samples with no BCHA present, and at approximately pH 7.85 for 
the samples with BCHA present, which are both lower than the desired pH 8.2 target. Table 2.28 
shows the uranium concentrations of the supematants. 
Table 2.28: UO, Solubility in the Presence and Absence of BC HA: Fe and Dithionite Present. 
No BeHA pH E,., I mV lUll mol dm-3 
I 7.92 -471 1.30 x 10-7 
2 7.90 -470 1.94 x 10-7 
3 7.92 -467 1.39 x 10-7 
4 7.91 -466 1.90 x 10-7 
5 7.89 -468 1.60 x 10-7 
BeHA pH E,., I mV IU] I mol dm.J 
1 7.85 -459 5.41 x 10-7 
2 7.86 -459 6.48 x 10-7 
3 7.87 -460 5.21 x 10-7 
4 7.86 -458 5.44 x 10-7 
5 7.84 -458 7.84 x 10-7 
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At pH -7.91, the final uranium concentration in the absence of BCHA was -1.63 x 10-7 mol dm-3. 
At pH -7.85, the final uranium concentration in the presence of BCHA was 
-6.08 x 10-7 mol dm-3. On comparison of the mean solubilities of the samples in the Table 2.28, in 
the presence of BCHA, a solubility enhancement of -4 can be calculated. However, the solubility 
of U02 is again too high to be comparable to literature, and O2 ingress was suspected. 
2.4.4 Series 11 
Series 11 investigated the omission of the initial centrifugation step to separate the precipitate from 
the supernatant, thus limiting O2 ingress. Additionally, detection of possible colloidal uranium 
was investigated. 
2.4.4.1 Experimental 
De-aerated water was prepared as before. Fe granules were added to all reagents, with the 
exception of the U02(N03)2 solution, approximately 24 hours prior to use. 0.01 mol dm-3 
U02(N03)2.6H20 + 233U tracer (specific activity = 6.6 kBq cm-3, prepared in Series 10), and 0.2 
mol dm-3 Na2S20. (1.7411 g) were prepared using DA water in 200 cm3 and 50 cm3 volumetric 
flasks, respectively. U02 precipitates were prepared by mixing 1.25 cm3 of 0.01 mol dm-3 
U02(N03h.6H20, 1.25 cm3 of 0.2 mol dm-3 NaOH (volumetric standard), and 1.25 cm3 of 0.2 mol 
dm-3Na2S20 •. The samples were shaken vigorously and left to age, with intermittent shaking, for I 
week. 
To each sample was added 0.12 g ofHEPES, and 0.1 g of Fe. A solution of5 mol dm-3 HCI was 
prepared using DA water and purged with N2 for -2 hours. HCI was titrated into each sample to 
lower the pH to -8.2 with intermittent shaking to ensure homogeneity. The presence of the HEPES 
was to control the pH. To three of the pH -8.2 samples prepared was added between 0.5 and 1 mg 
of solid, acid purified, dried BCHA giving a final BCHA concentration of -250 - 500 mg (C) dm-3. 
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Three further samples were adjusted to pH -7, 9 and 10, to which BCHA was also added. The 
initial pH of all samples is presented in Table 2.29 in the Results and Discussion section, below. 
All samples were left to equilibrate for I week, after which the final pH and E,h, of the samples 
were measured, and aliquots were extracted for analysis by LSC. 
After recording the activity levels of the control samples where no BCHA was present, the 
supematants were ultrafiltered through 500 MWCO Whatman™ cellulose ester membrane filters 
under pressure. Any colloidal uranium would be trapped on the filters. Approximately 4 cm3 of 
the samples containing no BCHA were poured into Amicon™ filtration vessels and the liquid was 
pushed through the membrane using N2 gas at 20 bar. I cm3' of the filtrate was taken for analysis 
by LSC. 
2.4.4.2 Results and Discussion 
The concentration of 5 mol dm·3 of HCI used to titrate the U02 samples was based upon the results 
of an open bench study outside the glove box of a similar system using 10 times the volumes of 
reagents than in the real samples (i.e. prepared inside the glove box). U02 was precipitated as 
before in sealed vessels on the open bench, and no 233U tracer was included. The HCI was titrated 
into the trial solutions and the pH monitored throughout. The concentration of HCI used in the 
open-bench experiments was found to be sufficient to lower the pH of the samples to pH -8.2 
within 12.5 cm3. The total volume of 5 mol dm·3 HCI was scaled down for the real experiments 
performed inside the glove box. 
The total volume of each of the real samples prepared inside the glove box using 233U tracer needed 
to be 5.0 cm3, and 5 mol dm'3 HCI was sufficiently concentrated to allow correct pH adjustment in 
the relatively small volume of 1.25 cm3. 
Table 2.29 shows the final uranium concentrations of each sample containing BCHA. Also 
included is the initial and final pH, and the E"". 
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Table 2.29: Variation of equilibrium pH with BCHA present 
Sample (+BCHA) Initial pH Final pH E, •• I mV [UII mol dm" 
1 8.30 7.99 -456 1.41 x 10-7 
2 8.27 8.05 -452 1.22 x 10-7 
3 8.30 8.08 -456 1.18 x 10-7 
4 8.25 8.01 -451 1.42 x 10-7 
5 6.66 7.16 -385 2.45 x 10-/ 
6 9.03 8.73 -502 7.92 x 10-' 
7 10.00 9.28 -521 5.22 x 10-. 
The final uranium concentrations for the samples containing BCHA showed a decrease as the pH 
increased, as depicted in Figure 2.5. The mean of the four pH -8 samples was used. 
Figure 2.5 shows a definite trend: as the pH increases, the total uranium content of the sample 
decreases. It is known that U02 dissolves at pH -3-4[171, but, according to Rai et al., there is no 
enhancement on U02 solubility above this pH. The effect of pH will be discussed in the General 
Conclusions section later in this chapter. 
Figure 2.5: U02 Solubility in the Presence ofBCHA with Varying pH 
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The control samples (Table 2.31), with no BCHA present, had an average uranium concentration of 
2.81 x 10" mol dm-3, which is higher than expected, as the highest solubility of samples containing 
BCHA was 2.45 x 10-' mol dm-3 at pH -7. 02 ingress into the solutions would be the logical 
explanation, although treatment of the precipitate was the same as for the BCHA containing 
samples and the only difference was the presence of BCHA. Humic acid is itself a mild reducing 
agent and, although it is not potent enough to reduce U(VI) to U(IV)[17J, it could act as an 
additional oxygen scavenger, thus removing oxygen from solution before it was able to oxidise the 
U(IV). 
Table 2.30: Control Samples Containing no BCHA; Before and After Ultrafiltration 
Sample (-BCHA) Filter Used Initial pH Final pH E,h.1 mV lUll mol dm-' 
1 0.1 Ilm 8.28 8.04 -460 3.00 x 10-7 
2 O.lllm 8.24 7.99 -457 2.90 x 10-7 
3 O.lllm 8.15 7.95 -453 2.54 x 10-7 
2 500 MWCO 8.24 7.99 -457 1.04 x 10-7 
3 500 MWCO 8.15 7.95 -453 7.50 x 10-8 
Ultrafiltration appears to have caused a 2/3 reduction in the uranium concentrations in samples 2 
and 3. The reduction may have been due to the formation of colloidal U(IV), although little 
information into polynucleation of U(N) exists in literature that would support this hypothesis. 
Due to the limited data, simple sorption of U(IV) onto the membrane cannot be discounted. 
Further investigation into possible polynucleation would be required. It should also be noted that 
the uranium concentrations after ultrafiltration remain above the 10-8 mol dm-3 upper bound limit. 
2.4.5 Series 12 
Series 12 was designed to completely avoid O2 ingress into the mixtures by omitting all 
manipulation of the precipitate after the initial oxide formation in order to derive a definitive 
solubility product (SP). 
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2.4.5.1 Experimental 
DA water was prepared as before and Fe granules were added to the water -24 hours prior to use. 
Fe granules were added to all other reagents prior to use with the exception of the UO,(N03)' 
solution. 0.01 mol dm,3 UO,(N03),.6H,O + 233U tracer (specific activity = 6.6 kBq cm") was 
prepared in Series 10. 0.1 mol dm,3 Na,S,O, (1.7417 g) was prepared in a 
100 cm' volumetric flask. UO, precipitates were prepared by mixing 1.25 cm' of UO,(N03h.6H,O 
+ 233U tracer, 1.25 cm3 of 0.2 mol dm"NaOH (volumetric standard), and 2.5 cm3 of 0.1 mol dm,3 
Na,S,O, in plastic centrifuge tubes. The tubes were sealed, shaken, and the precipitates aged for I 
week. No Fe granules were added to the samples, and no further manipulation of the precipitate 
was attempted. The pH and E,h, of the samples were measured prior to sample extraction and 
analysis by LSe. Samples were extracted for analysis as before using a 0.1 ~m syringe filter. 
2.4.5.2 Results and Discussion 
After initial oxide formation, all further manipulation was avoided and the vessels were not opened 
until the samples were due to be extracted for analysis. It has been noted in previous experiments 
that a varying concentration of uranium has been found in samples. The most probable reason for 
the increased uranium concentrations in previous experiments has been attributed to oxygen ingress 
during manipulation of the precipitates (e.g. decanting off supernatants and adding new reagents). 
This may have lead to partial oxidation of U(IV) to U(VI), with the possibility of the formation of a 
mixed oxide, such as UOm (3U02: V03), In this experiment, after the uranium (IV) oxide was 
formed, the vessels were sealed and not opened until the samples were extracted for analysis, thus 
limiting oxygen ingress. The results are detailed in Table 2.31, and the mean of the uranium 
concentrations has been used to derive a solubility product, which is detailed in Section 2.4. 
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Table 2.32: UO, Solubility at High pH in the Absence of BC HA 
Sample Eshe I mV pH lUll mol dm-' 
I -821 13.63 3.11 x 10-9 
2 -783 13.71 6.42 x 10-> 
3 ·807 13.40 1.79 x 10-9 
4 -812 13.54 2.12 x 10-9 
5 -814 13.60 1.96 x 10-> 
The results in the Table 2.31 show uranium concentrations with a mean of 
3.08 X 10-9 mol dm-3, which is comparable with the 'best' literature values of 1 x 10.8 to 
I x 10-9 mol dm-3 [17]. The results obtained from this set of experiments were obtained where no 
manipulation of the precipitates was attempted after the initial formation of U02 at 
pH -13.5 until the samples were extracted for analysis. The only manipulation performed on the 
solutions was during sample extraction, thus limiting any oxygen ingress into the solutions by the 
addition of further oxygen-carrying reagents. In addition, the high pH would allow the dithionite in 
the solution to be a more effective reducing agent than at the lower pH values targeted during 
previous experiments. 
The redox potential for these samples were highly negative, and were far lower than for any other 
experiment discussed in this section, even though pH values are comparable to other measured pH 
values at this stage of precipitate preparation. The effect of Eshe is discussed in more detail in the 
Conclusions section of this chapter, where comparisons between the Eshe in this experiment are 
compared to other experiments discussed. 
85 
Section 2.5 Concluding Remarks Relating to U(IV) Experimental Phase (Series 8 to 12) 
2.5 CONCLUDING REMARKS RELATING TO U(IV) EXPERIMENTAL PHASE 2 
(SERIES 8 TO 12) 
The inclusion of iron granules in the experiments undertaken in Phase 2 of this study lowered the 
uranium precipitate solubility by differing amounts. The observations from the Phase 1 
experiments was that 02 ingress into the samples was occurring at different stages of the 
manipulation of the precipitates. The small amount of 02 present in the glove box « 1 mg dm-3) 
appears to have been sufficient to affect the equilibrium between U(IV) and U(Vl), where the 
precipitated solid phase appears to contain some U(VI). The ratio ofU(IV) to U(VI) is discussed in 
Section 2.8. 
However, based on the results of the Phase 2 experiments, it may be stated that the overall results 
indicate that uranium solubility under Boom clay interstitial water conditions of pH 8.2 and BCHA 
concentrations of 200 mg (C) dm-3 can be expected to be of the order of 10.8 to 10.7 mol dm·3• 
This conclusion is based directly on the results obtained in Series 10 ofthis study. 
Further discussion of the results is presented in the Conclusions section at the end of this Chapter. 
2.6 DETERMINATION OF URANIUM (IV) OXIDE STABILITY CONSTANTS 
Stability constants for the interaction ofU02 in the presence of BC HA have been derived using the 
solubility product/side-reaction coefficient approach developed by Warwick et alJ921. Firstly, 
general theory of how to derive solubility products and the side reaction coefficient (the 'A' term) 
are discussed, as well as derived constants based on results from this study. Where appropriate, 
experimental conditions are discussed. 
Secondly, stability constants for the dissolution of U(IV) in the presence of BCHA have been 
calculated using the solubility product/side-reaction coefficient approach, incorporating the K,p 
value obtained through this study. Comparison has been made to the mathematically derived result 
modelled by J. van der Lee as part of the TRANCOM II project using CHESS[981. 
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2.6.1 Solubility Product Approach Theory 
For a soluble metal-ligand complex, stability constants can be determined using techniques such as 
the Schubert method[36J, where stability constants are determined by the ability of a ligand to 'pull' 
metal ions off an ion exchange resin through complexation. The Schubert method relies on the 
presence of metal ions in solution and subsequent binding to the ion exchange resin. In the case of 
sparingly soluble salts (e.g. VO,), this method cannot be used due to the very low concentration of 
metal ions in solution (e.g. <10-8 mol dm-3 U(OH)4(aq). Therefore, a different approach was 
developed based on the inherent insolubility ofUO,. 
Under reducing conditions, the dissolution of uranium (N) dioxide can be represented as: 
UO,(",,) +2H,O~ U4+ + 40H-
And, the equilibrium constant (K) for the reaction can therefore be given by, 
(2.6.1) 
The reactants may be regarded as having constant activities, so a pseudo solubility constant is 
obtained, i.e. 
(2.6.2) 
2.6.2 Side Reaction Coefficient Theory 
In the absence of any ligand, the dissolved uranium (N) will consist of the tetravalent ion and 
various hydrolytic species, i.e. 
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[U]'0'O,10' =[U4+] + I:[U(OH)x] 
=[U4+] + {I: log f3xyz[U4+][OHT} 
=[U4+] {1+I: log f3xyz[OHT} 
(2.6.3) 
In the above equations, [3 is the stability constant with respect to the number of metal (e.g. uranium) 
ions (x), the number of primary ligand (e.g. hydroxide) ions (y), and the number of secondary 
ligand (e.g. humic acid) ions (z). 'A' is the side reaction coefficient term, and is constant at any 
given pH. 'A' is comprised of the various hydrolytic species present in solution, so for uranium 
(N) in the presence of hydroxide, 
Therefore, 
e.g. for the reaction U4+ + OH ~ UOH3+ 
therefore, 
[UOH3+] = f3l1o[U4+j[OH'] 
=[U4+ ](f3110 [OH']) 
(2.6.4) 
For the hydrolysis of U4+, U(OH)4 is the dominant species, and all other hydrolysis products are 
negligible. The stability constant ([3) for U(OH)4 is 46, according to Neck et aU41. 
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2.6.3 Derivation of Stability Constants for U(IV)-HA complex 
By assuming a I: I reaction ofU'+ with HA, complexation may be represented as 
U4++HA~UHA 
The dissolved uranium (IV) will be enhanced by the presence of HA, hence 
(2.6.5) 
Therefore, 
(2.6.6) 
[UJ",lution is the total metal concentration, [U4+J can be calculated from Equation 2.6.2, and A is the 
side-reaction coefficient. Therefore, Equation 2.6.6 becomes, 
(2.6.7) 
The conditional stability constant of the complex, U(OH).-HA, is given by 
(2.6.8) 
Therefore, by substituting Equations 2.6.2 and 2.6.6 in 2.6.7, /3 is given as, 
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(2.6.9) 
2.6.4 Derivation ofK,. using the Side Reaction Coefficient 
Assuming that in the Series 12 experiments (Section 2.3.5) the uranium present is solely as U'+, 
and no U" is present, a stability constant can be calculated. In the absence of HA, at pH = 13.58 
([OIr] = 0.38 mol dm·3) and [uJ",lu'ion was found to be 3.08 x 10.9 mol dm-3• The concentration of 
uranium fans within the literature values for U02 solubility of 10.9 - 10.8 mol dm·3 outlined by Rai 
et aVl7 ]. 
Therefore, using the stability constant of 13140 = 1 X 10'6, and the hydroxide concentration of 0.38 
mol dm·3 (pH 13.58) in equation (2.6.4), 
A= {I + E~l4o [OH']'} 
= 1 + 1 X 10'6 X (0.38)' 
= 2.09 x 1044 
and, using equation (2.6.4), with the hydroxide concentration of 0.38 mol dm·3, and the total 
uranium concentration oD.08 x 10.9 mol dm·3, 
Ks. = [U'+][OH']' 
Therefore, log Ksp = -54.51. 
= [UJ""utio.[OH-t 
A 
= 3.08 X 10-9 x (0.38), 
2.09 x 1044 
=3.07 X 10.55 
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2.6.5 Detennination of stability constants for BCHA-U(OH)4 
In the experiments conducted in Series 10 (Section 2.3.3), the total uranium concentration of the 
mean of five samples containing 100 mg (C) dm·3 BCHA (200 mg dm·3 HA), and using Fe 
granules to remove oxygen was 6.08 x 10.7 mol dm-3 at a hydroxide concentration of 7.18 x 10-7 
mol dm-3• The redox potential for each sample is highly negative indicating a reducing 
environment was kept throughout, thus limiting potential oxidation. All experimental results are 
outlined in Table 2.32. 
Table 2.32: Series 10 Results Cor U02 Complexation with BCHA; Samples Containing 100 
mg (C) dm-3 BCHA at pH-8 
Sample pH E,h.1 mV [OH] I mol dm.J [U]solution I mol dm..J 
1 7.85 -459 7.08 x 10-7 5.41 x 10-7 
2 7.86 -459 7.24 x 10-7 6.48 x 10-7 
3 7.87 -460 7.41 x 10-7 5.21 x 10-7 
4 7.86 -458 7.24 x 10-7 5.44 x 10-7 
5 7.84 -458 6.92 x 10-7 7.84 x 10-7 
The stoichiometry ofU4+ reacting with BCHA is unknown, and can be best represented as 
and therefore, 
U4+ + xOH- + BCHA ~ BCHA-U(OHt 
_ [BCHA-U(OH).] 
(3 - [BCHA][U4+][OHT (2.6.10) 
Expanding Equation 2.6.10 to include Equations 2.6.2, 2.6.6 and 2.6.7, the equation for 13 becomes, 
(2.6.11) 
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where, 
[U]oolutioo = 6.08xI0·7 mol dm·3 
A = 1 + log~ [OH·]' = 2.66xI021 
( K", ,)A=3.09XIO" moldm-3 [OH-] 
( K", ) = 1.16x10·30 mol dm-) [OH-], 
[HA lr = 8.6 X 10"" mol dm·) 
The value for K", used was calculated previously (Section 2.6.4). The value for log 13 was 46 
(Neck et al.}[4J. [HAlr was calculated from the BCHA concentration in mg (C) dm·) and the proton 
exchange capacity (PEC) of BCHA, which is 4.3 x 10·) mol dm·3 carboxyl groups[90J. 
log 13 values for U(OH)x were derived using Equation 2.6.2, assuming x = 0, 1,2,3, and 4, and are 
given in Table 2.34. 
Table 2.34: log 11 Values for the Results for U02 Complexation with BCHA in Series 10 
Number of OH· i3 log i3 
0 6.07E+26 26.78 
I 8.45E+32 32.93 
2 1.18E+39 39.07 
3 1.64E+46 46.21 
4 2.28E+51 51.36 
Therefore, assuming tbat tbe hydroxide is U(OH}" log 13141 = 51.36. 
The stoichiometry of BCHA-U(OH}, was assumed by J. van der Lee, and determined by 
modelling earlier experimental data (experiments 2, 3 and 5) using a kinetic dissolution approach . 
. The data has assumed tbat the solid phase is U02.25. A thermodynamic constant was calculated 
using the formula, 
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where Kn is the thermodynamic equilibrium constant for the formation of 00225 • The 
thermodynamic constant (K) corresponds to the complexation reaction, 
BCHA+U4+ +4H20 ~ BCHA-U(0H)4 +4H+ 
which has the corresponding law of mass action of, 
logK 
Therefore, K = 0.2. 
[BCHA-U(OH)4][ln4 
[BCHA] [U4+] [H,O]' = -0.7 
(2.6.12) 
(2.6.13) 
To express Equation (2.6.13) in terms of the hydroxide concentration, it must be multiplied through 
by the mass-action equation for water, therefore, 
[BCHA-U(OH)4][H+]' [H20] 
K [BCHA-][U4+][H,O]' x [H+][OH-] (2.6.14) 
becomes, equal to equation (2.6.12). 
If the constant (K) for Equation 2.6.13 = 0.2, and Equation 2.6.14 occurs, the log K will therefore 
be 55.3. 
The two values obtained for BCHA-U(OH)4 of 55.3 (J. van der Lee) and 51.36 (this study) are 
reasonably close. However, Equation 2.6.12 can be rearranged as follows: 
(2.6.15) 
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The product of [U'+][OHf is equal to the solubility product (K;p), which is 
3.07 x 10'''. Therefore, 
[BCHA-U(OH),] = 2.28xl0" x 3.07xlO·5S 
[BCHA] 
=7.11xlO'" 
(2.6.16) 
If the same process is applied to J. van der Lee's modelled constant of 2.0 x 10", the ratio of 
[BCHA-U(OH),]:[BCHA] = 6.14. 
So, if 
[BCHA-U(OH).] = 6.14 
[BCHA] 
Therefore, [BCHA-U(OH),] = 6.14 x [BCHA]. 
But, the original concentration of BC HA in the experiment was 8.6 x 10'" mol dm·3, 
and, 
[BCHA-U(OH).] + [BCHA] = 8.6 x 10'" mol dm·3 
7.14 + [BCHA] = 8.6 x 10'" mol dm·3 
[BCHA] = 1.20 x 10'" mol dm·3 
[BCHA-U(OH),] = 8.6 x 10'" - 1.2 x 10'" 
= 7.4 x 10'" mol dm·3 
i.e. [BCHA-U(OH),] = 7.4 x 10'" mol dm·3 
[BC HA] = 1.2 x 10" mol dm·3 
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Therefore, if the stability constant of log K = 55.3 were to be used, the uranium bound to the 
BCHA in solution would exceed the total uranium concentration analysed. 
i.e. total uranium analysed = 6.08 x 10.7 mol dm·3 
uranium bound to BCHA = 7.4 x 10-4 mol dm·3 
For this study, the ratio of [BCHA-U(OH),]:[BCHA] is 7.ll x 10-4, indicating that -111000 of the 
BCHA present in solution has reacted with the uranium. Therefore, if the total BCHA 
concentration was 8.6 x 10-4 mol dm·3, the ratio of [BCHA-U(OH),]:[BCHA] is 7.11 x 10-4, then, 
[BCHA-U(OH),] = 8.6 x 10" x 7.11 x 10" 
= 6.11 X 10.7 mol dm·3 
From the experimental results, the total uranium measured in solution was 6.08 x 10.7 mol dm'3, 
which is comparable to the mathematically derived result of 6.ll x 10.7 mol dm,3. Therefore, the 
stability constant for BCHA-U(OH), derived using the approach applied in this work is consistent 
with the experimentally derived concentration. 
2.7 DETERMINATION OF URANIUM (VI) STABILITY CONSTANTS 
Various U(VI)-HA values can be found in the literature, see for example the fluorescence study by 
Saito and co-workers[931 and the references contained therein. Unfortunately the reported constants 
are generally conditional and relate to pH values less than 7.0, for example Czerwinski et al. 
reported for Gorleben HA, log ~ = 6.16 ± 0.\3 at pH = 4.0[941. Boom Clay interstitial water has a 
pH of approximately 8.2. 
The U(VI) constants were obtained by employing the 'classical' Schubert ion exchange 
approach[361. For' comparative purposes U(VI)-AHA constants were also determined. The 
experiments were performed at pH values of relevance to Boom Clay interstitial water conditions, 
with O2 and CO2 excluded. 
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2.7.1 Determination of the U(VI)-BCHA and U(VI)-AHA Stability Constants Using the 
Schubert Ion Exchange Procedure 
2.7.1.1 Theory of the Schubert Method 
The standard Schubert method was applied by placing 233U tracer in contact with a cation exchange 
resin (Na form), in the presence and absence of varying amounts of HA. Appropriate D and Do 
values i.e. the distribution coefficients ([U]",;,,![U],olution) in the presence and absence of HA were 
determined from supernatant activity measurements. P"p values were calculated using the Schubert 
relationship, given in Equation 2.7.1. 
(2.7.1) 
Again, A is the side reaction coefficient term, as discussed in Section 2.6.2, and is included to take 
account of competition from hydroxide ions. n is the stoichiometric ratio of HA to U(VI) in the 
complex[951. 
2.7.1.2 Experimental 
These experiments were conducted inside a N2 atmosphere glove box «I mg dm·3 02). A 
concentrated solution of BCHA, known to contain traces of carbonate, was purified by addition of 
HCI acid (S mol dm·3) and purged with N2 to remove CO2. The precipitate formed was centrifuged 
and dried in a desiccator. A stock solution was produced by dissolving the purified BCHA in dilute 
carbonate free NaOH solution. The stock (904 mg (C) dm·3) was successively diluted to produce a . 
range of concentrations. 10 mg of cation exchange resin in the Na form (BioRad AGSOW X2; 100-
200 mesh), was placed in plastic vials (Nalgene). IS cm3 of one of the BCHA solutions were 
added to the resin, followed by HEPES buffer (S.O cm3; 0.41 mol dm·3; pH = 8.0), and 233U tracer 
solution (0.50 cm3; -6 kBq cm-3). Each vial contained a final U(VI) concentration of 2.21 x \0.7 
mol dm·3 in 20.5 cm3 (specific radioactivity '" 290 Bq cm-3). A control experiment was also 
conducted where the BCHA was substituted by a similar volume of water. The resulting mixtures 
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were equilibrated for 1-2 weeks at room temperature (-20'C) with intermittent shaking. A filtered 
(0.45 lUll) sample of each supernatant was taken (1.0 cm3) and placed in a plastic LSC vial, 
containing 15 cm3 ofEcoscint cocktail. The 233U activity was determined using LSC. 
The experiments were performed in triplicate and the results are presented in Tables 2.35 and 2.36 
in the Results and Discussion Section, below. 
2.7.1.3 Results and Discussion 
2.7.1.3a U(Vl) BeHA complexation study at pH = 8.0 
Control of pH using HCI and NaOH was difficult; therefore, most experiments used HEPES buffer. 
Comparison of results indicated that the complexation of U(VI) by humic acid was not affected by 
the presence of the HEPES. The U02-BCHA log /3 values obtained at pH = 8.0 and ionic strength 
(I) = 0.1, calculated using Equation 2.7.1, are presented in Table 2.35. The ionic strength reflects 
the HEPES concentration. The BCHA concentrations were derived from the total organic carbon 
(TOC) data supplied with the extracted BCHA. BCHA was assumed to be comprised of 50% 
organic carbon and to possess a pH independent, maximum proton exchange capacity of 4.0 x 10.3 
mol g.I[901. Since carbonate was absent, U(VI)- carbonato species did not interfere, and the side 
reaction coefficient (A = 1.5 x 10') was calculated using the following expression: 
A=l +~UO,(OH)' [OH' ]+~UO,(OH), [OH' f +~UO,(OH)", [0H']3 +~UO,(OH) •. , [OH'], 
The 13 values for the hydroxy species were derived from the formatted values in the CHESS[911 
speciation code database, and adjusted to be consistent with the ionic strength conditions employed 
in the experiments, i.e. I = 0.1, using the Davies equation[961. The final and originally derived 
values, where the thermodynamic CHESS values (I = 0) are enclosed in brackets, were as follows: 
/3U02(OH}t = 2.585 X 108 (6.204 X 108); /3U02(OH)2 = 1.335 X 1017 (4.847 X 1017); /3U02(OH)3'1 = 1.653 X 
1022 (6.000 X 1022); and /3U02(OH)4.2 = 3.989 X 1022 (9.352 x 1022). The experiments yielded an 
average U02 -BCHA log /3exp value of9.33 at pH = 8.0 with a standard deviation = 0.38. 
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Table 2.35: Results of the Schubert Experiment, Using Na Form Cation Exchange Resin (10 
mg), with Purified BCHA (15 cm3; proton capacity 4.0 x 10-3 mol g-\ HEPES buffer (pH = 
8.0; 0.41 mol dm-3; 5.0 cm3) and 233U tracer (0.5 cm). A = 1.50 X 10'. 
log[BCHA] Supernatant D log{(D,ID)-l}A log JI I (d.p.m. cm-") 
-2.277 768.7 0.106 6.98 8.88 
-2.578 765.1 0.111 6.96 9.16 
-2.879 713.7 0.191 6.71 9.22 
-3.180 706.3 0.203 6.68 9.49 
-3.481 648.5 0.311 6.48 9.59 
-4.083 526.6 0.614 6.13 9.84 
-4.384 420.2 1.023 5.82 9.84 
-4.987 244.8 2.472 4.83 9.15 
-5.288 222.2 2.825 4.19 8.81 
Total activity present - 850 d.p.m. cm" Av: - 9.33 
Do =2.95 (s.d. = 0.38) 
2.7.l.3b U(V1) AlIA Complexation Study at pH = 8.4 
The U(VI)-AHA results are given in Table 2.36. The maximum AHA proton exchange capacity 
was assumed to be 5.3 x \0-3 mol g"I[901 and the A term was calculated to be 1.11 x 106, at 1=0.1 
and pH = 8.4. An average log B value of 10.49 with a standard deviation = 0.25 was obtained. 
Subsequent experiments (see Section 2.7.1 .3 c) suggested that the increased vaIue, when compared 
to the value obtained for BCHA, reflected the higher pH of the AlIA experiment more than any 
intrinsic differences between U(VI)-BCHA and U(VI)-AHA affmities. 
The BCHA and AHA Schubert plots based on Equation 2.6.2 are presented in Figure 2.6. The 
observed slopes of approximately I imply I: I U(VI) to HA stoichiometries, i.e. n = I in Equation 
2.7.1[971. The intercepts provided further estimates of the log ~ values but because long 
extrapolations were involved, averages of the individual values were considered to be more 
reliable. 
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T'lble 2.36: Results of the Schubert experiment, using Na form cation exchange resin (10 
mg), with purified AHA (15 cm3 ; proton capacity 5.3 x 10-3 mol got), HEPES buffer (pH = 8.4; 
0.41 mol dm-3 ; 5.0 cm3) and m U tracer (0.5 cm3). Do =2.95; for A = 1. 1 Ix 106• 
loglAHA I 
S upcrna tant 0 log{(O.,lO)- I}A log ~ l (d.p.m. cm-J ) 
-2.4 11 830.8 0.023 8. 146 10.55 
-2.7 12 799.9 0.063 7.707 10.42 
-3.0 14 7 17.9 0. 184 7.220 10.23 
-3.315 715.3 0. 1&8 7.2 10 10.52 
-3.6 16 6 12.7 0.387 6.864 10.48 
-3.917 557.0 0.526 6.707 10.62 
-4.2 18 462.2 0.839 6.444 10.66 
-4.51 9 355.2 1.393 6.092 10.6 1 
-4.8 19 3 13.5 1.7 11 5.903 10.72 
-5. 121 223.5 2.803 4 .763 9.88 
-5.422 242.7 2.502 5.296 10.72 
Tota l activity present - 850 d .p.m. cm-" Av: - 10.49 
D. =2 .95 ( s.d. = 0.25) 
Figure 2.6: Schubert Plots Used to Investigate the U(VI) -BCHA and U(V1)-AHA 
Stoichiometries; unit slopes are consistent with a 1 UO,2+: 1 HA ra tio 
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2.7. 1.3c EffeclofpH on U(V/)-BCHA logp Values 
Further U(V I)-BCHA experiments were conducted, us ing the same overa ll approach, but at pH 
values of 5.9, 7.0, 7.2, and 8.2, with I = 0. 1. The A term va lues were 11.497, 1380, 3465.2 and 
1.26 x 10" respective ly. The effect on the resuiting U(YJ)-BCHA constants is di splayed 
graphically in Figure 2.7. The AI-I A result at pH = 8.4 is included because it was reasonably 
consistent with the BCHA va lues. The constants, calculated from the line of best fit, increased 
from 4.5 I at pH 5.9 to 10.1 4 at pH 8.4. Various reasons, apart from the cond itional nature of the 
derived log P values, have been advanced to explain the increase with pH, e.g. (i) un fur ling of the 
humic acid molecule givi ng access to stronger sites, ( ii ) increas ing participation o f the phenolic O H 
ligands present, ( ii i) increas ing formation of mixed hydroxy complexes (e.g. U(OI-l).HA), or (iv) 
increasing e lectrostat ic effects due to the poly-electro lyt ic properties of HA. UnfOltunately the 
current experiments do not provide the ev idence needed to distingui sh between the possible 
explanations. 
Figure 2.7: Variation of U(VI)-HA log flu . Values with OH- Concentration 
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2.7.2 Concluding Remarks. 
Under the anaerobic, carbonate free, conditions used the graphically derived log ~ values for the 
BCHA complexes at pH 8.2, were U(Vl)-BCHA = 9.69 (s.d. = 0.39). The AHA constants were 
generally similar to the BCHA constants. 
In addition, it appears pH does have an effect on the stability constants for U(V1)-HA interaction, 
where a more alkaline pH results in an increased stabi li ty constant. 
2.8 INVESTIGATION OF THE U(IV) OXIDE STOICHIOMETRY 
It was postulated by J. Van der Lee through modelling studies within the TRANCOM 11 projectl981 
that the solid phase formed during early experiments within this study was in fact U02.2S' and not 
pure U02. U02.2S is an oxide of a mixture of both U(lV) and U(VI) with the general formula 
3U02.U03. The presence of U(VI) in the solid phase provides a possible explanation as to the high 
uranium concentrations observed in the early U(rv) solubility experiments. 
In order to investigate this hypothesis, experiments were conducted in which the precipitated oxide 
samples were dissolved in HCI acid and then analysed spectrophotometrically. 
2.8.1 Experimental 
The uranium oxide was prepared as for the solubility experiments in Sections 2.2 and 2.4, above. 
The following reagents were mixed together to form the initial oxide inside the glove box: 
• NaOH (5 cm3 of2 mol dm·3); 
• N~S204 (10 cm3 of 0.10 mol dlll·3); and 
• UOlN03)2 (5 cm3 of 0.01 mol dm-3). 
The oxides were aged for between 0.5 and 350 hours in the first experiment, and between 96 and 
336 hours in the second experiment. At each set time interval (listed in Tables 2.37 and 2.38 in the 
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ResulIs and Discussion section, below), 5 cmJ of 5 mo l dm-J HCI was added to Ihe so lutions, the 
vial s shaken vigorously and centri fuged for 30 minutes. Each solution was analysed 
spectrophotometrically by UVNis using a wave length scan from 400 nm to 800 nm. 
2.8.2 Results and Discussion 
A graphical representation of the UVN is scan belween 400 nm and 800 nm o f uranium oxide 
prec ipitate that had been aged prior to dissolutio n in HC I is presenled in Figure 2 .8. Also presented 
is a UVNis scan ofU02(am) that had been disso lved in 0.9 mol dn,-J NaHCOJ (Rai el 01.1171, Figure 
2.9). Compari son of the two fi gures shows s imilarities in the spectra for the U02 prec ipitate 
prepared in this experiment, and the precipitate prepared by Rai el al .. 
Figure 2.8: UVNis Spectra of Dissolved U02 Precipitate Prepared in tltis Study; wavelength 
scan between 400 001 and 800 001 
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Figure 2.9: UVNis Spectra of Dissolved U02 Precipitate Prepared by Rai et aII171.; 
wavelength scan between 400 nm and 800 nm 
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The 1110lar absorptivities ofU( IV) and U(V I) at 429 nm are 14 _8 dml mol· 1 cm· 1 and 6.3 dml nlO l·1 
cm-I, respectively, and U(lV) at 649 nm is 56_1 dm l mol-I cm- I_ Hence, if the precipitate had been 
pure U02, 
Predicted Absorbance at 429 nm = IA_8[U(IV)] 
Tbe U( IV) concentration can be derived from the 649 nm absorbance, s ince U(V I) does not absorb 
at this wavelength _ However, if the precipitate was U02_2S' then, 
Absorbance at 429 nm = 14_8[U(lV») + 6_3 [U(V I)] 
The stoichiometry of U02.2S indicates that, 
3 [U(l V») = [U(VI)] 
Hence, assuming stoichiometric disso lution, the absorbance at 429 nm would be given by 
103 
Section 2.8 Investigation of the U(l V) Oxide Stoichiometry 
14.8[U(lV)] + 6.3([U(VO]/3) = J6.9[U(TV)+U(VI)] 
Consequently, the observed over predicted (assuming U02 on ly) ratio of absorbances at 429 nm 
would be given by 
16.9[U(TV)+U(VI)]114.8[U(lV)] = 1.1 4 
The results ofthe two series of experiments are given in Tables 2.37 and 2.38. 
Table 2.37: Results ofUV Visible Analyses of Dissolved Precipitates (Series 1) 
Calculated 
Predicted Observed - (UC£V)+U(Vl) ( Observed Calculated Observed (mol dm.J) Observed: Time 
absorbance (U(IV) ( U(IV) abso rbance Pred icted U(lV)+U(Vl) Predicted (bours) absorbance absorba nce @ 649 nm (mol dm"') @ 429n m @ 429 nm @429 nm absorbance rat io @ 429nm/ 
16.9 
0.5 0.336 0.0060 0.0886 0.112 0.0234 0.0066 1.26 
2 0.303 0.0054 0.0799 0.079 -0.0009 0.0047 0.99 
3 0.334 0.0060 0.088 1 0.089 0.0009 0.0053 1.01 
5 0.261 0.0047 0.0689 0.07 1 0.0021 0.0042 1.03 
6 0.3 16 0.0056 0.0834 0.109 0.0256 0.0064 1.31 
7 0.320 0.0057 0.0844 0.090 0.0056 0.0053 1.07 
24 0.2 11 0.0038 0.0557 0.064 0.0083 0.0038 1.15 
48 0.236 0.0042 0.0623 0.079 0.0167 0.0047 1.27 
72 0.240 0.0043 0.0633 0.079 0.0 157 0.0047 1.25 
350 0.339 0.0060 0.0894 0.132 0.0426 0.0078 1.48 
Mean 0.290 0.0052 0.0764 0.090 0.0 140 0.0053 1.18 
The mean of each column in Tables 2.37 and 2.38 have been included. The mean of the calculated 
U(lV)+U(VI) concentrations using the derived extinction coefficient of 16.9 dm3 mol-l cm-l at 429 
nm for U02.25 is in fair agreement with the mean of the calculated U(lV) concentrations at 649 nm. 
This adds further evidence that the proposed general formu la of3U02.U0 3 is correct. This trend is 
also true for the second series of experiments outlined in Table 2.3 8. 
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Table 2.38. Results of UV Visible Analyses of Dissolved Precipitates (Series 2). 
Calculated 
Predicted Observed - I U(lV)+U(VI)1 Observed Calculated Observed (mol dOl·") Observed: Time 
absorbance IU(IV)I U(IV) absorbance Predicted U(IV)+U(VI) I>rcdictcd (hours) absorbance absorbance @ 649 0m (mol dm·J ) @ 429nm @ 429nm @ 429 nm absorbance ratio @ 429nm/ 
16.9 
96 0.082 0.00 15 0.0216 0.023 0.00 14 0.0014 1.06 
120 0.071 0.00 13 0.0 187 0.0 19 0.0003 0.0011 1.0 1 
168 0.073 0.00 13 0.0193 0.022 0.0027 0.0013 1.14 
264 0. 105 0.0019 0.0277 0.025 -0.0027 0.0015 0.90 
336 0.11 3 0.0020 0.0298 0.042 0.0122 0.0025 104 1 
Mean 0.089 0.00 16 0.0234 0.026 0.0028 0.00 16 I. I I 
Unfortunately, the precIsIon required of the experi ments was c lose to the limit of the 
spectrophotometer. Nevertheless, the observed absorbances at 429 nm were genera lly highe r than 
the values predicted from the U( IV) 649 nm absorbances (see Tables 2.36 and 2.37). Hence, the 
presence of U(VI) was indi cated. Furthermore, the average values were c lose to the ratio 
postulated for U02.2s, No c lear trend with time was apparent so no effect of aging was identi fied . 
Accordingly, J . Van der Lee obtai ned a U(IV)- BCHA log J3 va lue on the assumption that the so lid 
phase was U02.2S and that the ox ide di ssolution was kinetically controlledl99 l. However, it was 
noted that the log J3exp va lues fo r the suspect ox ides va ried linea rly with 
[01-1-] with a slope of 4 (F igure 2. 10). This variation is consistent with U(OH)4 HA sto ichiometry. 
Unfortunately, the evidence was not conc lusive, since the form of Equation 2.6. 1 I (fTOIll Section 
2.6) predi sposes the data towa rds providing a slope of 4. 
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Figure 2.10: Variation of U(lV)-HA log 1l .. 1, Values with OH- COllcentration 
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Nevertheless, for the sake of completeness and after verificati on of the U02 so lubili ty product at 
pH 13, final experiments were performed in the presence of BCHA at pH - 8. Great care was 
taken to exclude 0 2. The results were interpreted assuming U(OH). I-IA formation . The fo llowing 
version of Equation 2.6.11 (from Section 2.6) and the so lubility product relationship [U4+] = K,p I 
[OH-]· was used, i.e. 
A log I3 t4t value of 51.36 wa obtained, with [U],otul;O" = 6.08 x 10-7 mol dm-3, A = 2.66 x 1021 (log 
131• = 46), and [HA] = 8.6 x 10-4 mol dm-] 
106 
Section 2.9 General Conclusions 
2.9 GENERAL CONCLUSIONS 
2.9.1 U(IV) Experiments Phase 1 (Series 1 to 7) and Phase 2 (Series 8 to 12) 
The U(IV) solubility experiments conducted in Series I to 7 resulted, firstly, in the optimisation of 
the protocol for preparing the uranium (IV) oxide solid phase from urany) (VI) nitrate. Secondly, 
the results of the experiments raised questions as to the apparent high solubility of the U02 solid 
phase compared to literature values. 
Through further experimentation in Phase 2 of the work, the high solubilities observed in Phase I 
were believed to be either partial oxidation of U(IV) to U(VI) through introduction of oxygen into 
the solutions, or incomplete reduction ofU(VI) to U(N). 
To investigate the partial oxidation ofU(N) to U(VI), iron granules were added to all reagents and 
samples as a secondary oxygen scavenger. Inclusion of Fe lowered the U(IV) precipitate solubility 
by varying amounts, although the observed results were ofthe order of I 0.8 to 10-7 mol dm-l , which 
is higher than the upper limit of the 10-9 to 10.8 mol dm-3 literature values[17J. However, based on 
the overall results of the Phase 2 experiments, it may be stated that the overall results indicate that 
uranium(N) solubility under Boom clay interstitial water conditions of pH 82, and BeHA 
concentrations of 200 mg dm-3 can be expected to be of the order oflO-8 to 10.7 mol dm-3• 
2.9.2 Effect of pH on the Solubility of U02 
It was noted in Section 2.2.2 (Phase 1, Series 2) and Section 2.4.4 (Phase 2, Series 11) that a pH 
effect on the solubility of the U02 precipitate was evident. Rai et al.l17J state that pH has no effect 
on the solubility of U02 until below approximately pH 3, although in this study a solubility 
enhancement was observed on comparable samples at pH 7, 8 9 and 10, solubility appeared to be 
lower at higher pH. 
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A possible explanation for the apparent pH effect is that dithionite is pH dependant, and is more 
efficient at removing oxygen from solution at alkaline pH values; therefore, any equilibrium 
between U(IV) and U(VI) would be preferentially pushed towards U(IV) at high pH, thus 
effectively lowering the uranium solubility. Phase I, Series 2 used dithionite alone as a reducing 
agent and oxygen scavenger, which may explain the apparent decrease in uranium solubility at 
higher pH, i.e. dithionite was working more effectively at removing excess oxygen. Although, in 
Phase 2, Series 11, dithionite was again present and Fe was also included as a second reductant and 
oxygen scavenger, and a similar pH effect was observed. 
It should be noted that, in the Phase I, Series 2 experiments, the observed uranium concentrations 
are an order of magnitude lower than for the Phase 2, Series 11 experiments. Therefore, the 
observed pH effect may be attributable to the efficiency of dithionite at high pH resulting in further 
reduction ofU(VI) to U(IV). 
2.9.3 Determination of a U02 Solubility Product and Stability Constants for BCHA-
U(OH)4 
Stability constants for U(IV) were obtained utilising the inherent insolubility of the uranium (IV) 
oxide solid phase and the side reaction coefficient. Pure U02 was precipitated in experiments 
conducted in Phase 2, Series 12, which produced a mean uranium concentration of 3.08 x 10-9 mol 
dm-3, which is consistent with the 'best' literature values[4. 17]. Based on this uranium 
concentration, the pH of the solutions and the side reaction coefficient CA' term) a log Ksp of -
54.51 was calculated from the experimental results. The stability constant derived from this study 
is consistent with recent literature results of -54.5[41. 
As a result, stability constants for BCHA-U(OH)4 were derived in Section 2.6 using the solubility 
product discussed above and the side reaction coefficient. Assuming the stoichiometry of the 
aqueous U(IV) hydroxide species was 1:4, i.e. U(OH)4' log 13141 = 51.36. 
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2.9.4 Investigation of the U(IV) Oxide Stoichiometry 
The results of the spectrophotometric investigation into the proposed structure ofU02.25 by J. Van 
der Lee indicated that U(VI) may be present in the solid phase precipitated in the earlier stages of 
this study based on the ratio of [U(IV)]:[U(VI)] detected at 429 nrn. This observation was based on 
the predicted absorbances for U(JV) at 429 nrn being generally higher than at 649 nm, where no 
U(VI) absorption also occurs, and the presence ofU(VI) would be the most plausible explanation. 
It must be noted that the precision required to obtain conclusive data of the presence ofU(VI) was 
at the limit for the instrument used. 
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3.1 INTRODUCTION TO 239pU(lV) SOLUBILITY 
Laboratory experiments were performed to determine the aqueous solubility of plutonium (IV) as 
PU(N)02 in the presence of Boom Clay humic acid (BCHA). synthetic Boom Clay water (SBCW) 
and real Boom Clay water (RBCW). The work was performed at the 'hot-labs' in SCK-CEN in 
Mol, Belgium. 
In addition, a discussion of the experimental procedures used to prepare and analyse the Pu02' and 
to characterise the plutonium solution as received from the Institute of Reference Materials and 
Measurements (IRMM) is described. In addition, the purification processes undertaken to obtain a 
sample of containing only Pu(N) is described. 
3.2 CHARACTERISATION OF THE 239pU SOLUTION 
Prior to commencing the formation of the Pu(N)02 precipitate for the solubility experiments, the 
solution as received from IRMM (I.4 mg Pu in 5 cm3 of 5 mol dm·3 HN03; specific activity of 0.84 
MBq cm-3) was analysed by UV Nis spectrophotometry to determine the oxidation states present in 
the solution. 
3.2.1 Experimental 
I cm3 of the undiluted solution was analysed between 1100 om and 350 nm in a 1 cm3 screw-top 
cuvette fitted with a rubber septum and compared to a 5 mol dm-3 HN03 blank. 
3.2.2 Results and Discussion 
The UVNis spectrum between 1100 nm and 350 nm for the undiluted Pu solution is shown in 
Figure 3.1. 
The peak identified in Figure 3.1 at 833 nm is consistent with the main peak from the spectrum of 
Pu(VI) illustrated in the 'Plutonium Handbook: A Guide to the technology, 
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Volume 1'[!ooJ, whereas the peak identified at 470 run is consistent with Pu(IV). Therefore, the 
spectrum indicates that the 'pure' Pu(IV) solution, as received from IRMM, was a mixture of at 
least two oxidation states. 
Using the molar extinction coefficients ofPuOi+ and Pu4+, which are 550 dm3 mol'! cm'! and 46.9 
dm3 mol'! cm'!, respectively. The concentrations of Pu(VI) and Pu(IV) were calculated using 
Beer's Law, 
A=Eci 
where A is the absorbance, E is the molar absorptivity, c is the concentration of the determinand, 
and I is the path length. Therefore, for PuOi+, 
[puO,'+] = 0.078 
- 550 dm' mol" cm" x I cm 
= 1.4 x 10-4 mol dm" 
Similarly, [Pu4+] = 1.5 X 10-4 mol dm,3. 
In addition to Pu(IV) and Pu(VI), the Pu(III) and Pu(V) oxidation states may also be present in low 
concentrations, although the spectrum in Figure 3.1 shows no evidence of peaks at 603 nm for Pu3+ 
or 569 nm for Puot. 
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Figure 3.1 : UVIVis Spectrum of the Pu Solution between 1100 nm and 350 nm 
0.02 
Pu(VI) 
0.015 
0.01 
.; 
oD 
<{ 
0.005 
0 
3 0 
-0.005 
Wavelength (nm) 
The mixed ox idation state is consistent with so lutions of plutonium existing 111 one of five 
oxidation states within the same so lution - Ill, IV, V, VI and V1I1 611 . In add ition, plutonium will 
di sproport ionate into a range of oxidation stales, and in acid ic solutions, Ihe two dominant 
oxidation states wi ll be Pu(lV) and Pu(VI). Disproport ionation wi ll preferentially occur between 
the redox couples ofPu(III )/Pu(IV) and PuCV)fPuCVl) as Pu-O bonds will require formation during 
oxidation of the III and IV states to the V and VI states. It is likely that the Pu(V) concentTation in 
the so lution will be low due to the acidity of the plutonium solut ion l621. 
3.3 F IRST R EDUCTlONfOXIDA nON Of THE MIXED 239 p U SOLUTION 
An attempt to puritY the mixed plutonium solution was made in order to both reduce the Pu(VI} 
present an d ox idise Pu(lll) present to Pu(lV) by additi on of sodium nitrite fo llowed by heating to 
75°CI 102J. 
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3.3.1 Experimental 
500 ~I of 5 mol dm·3 NaN02 were added to the 5 cm3 plutonium solut ion in lOO ftl aliquots inside a 
fume cupboard . The so lution was gently agitated after each additi on to ensure homogenei ty. 
Brown fumes were observed after each add ition. The solution was heated in a water bath for about 
30 minutes at 75°C and a llowed to coo l before the UVIY is spectrum was ana lysed between 1100 
nm and 350 nm, as before. 
3.3.2 Results and Discussion 
Figure 3.2: UVIYis Spectrum of tbe Pu Solutioo Betweeo 1100 a.od 350 om After Heatiog to 
7S'C witb SOO~1 of 5 mol dm,3 NaNO, 
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The spectrum shows that the characteri stic peak of Pu(VI) at 833 nm is still present with a similar 
absorbance to the solution before reduction was attempted (A = 0.071), and the concentration of 
Pu(VI) was ca lculated to be 1.4 x 10-4 mo l dm'] based on the molar absorptivity (550 dm] mol'l 
cm'I). Although the concentration of Pu(Vl) did not appear to decrease, the Pu(lV) concentration 
calculated from the absorbance at 470 nm (A = 0.01 7) appears to have increased to 5.3 x 10-4 mol 
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dm·3• Therefore, it appears the addition of NaN02 may have succeeded in the oxidation of any 
Pu(III) that was present to Pu(IV), but not the reduction ofPu(VI) to Pu(IV). 
It should be noted that, from Figure 3.1, no discernable peak was present at the Pu(III) wavelength 
of 603 nm, and therefore no concentration of Pu(lJI) could be calculated. Based on the increase of 
Pu(IV) concentration, it appears the total Pu(IlI) concentration would have been approximately 3.7 
x 104 mol dm·3• 
A second possibility as to why the Pu(IV) concentration has increased by approximately 3.5 times 
is that, during heating of the solution, evaporation of the HN03 may have occurred, effectively 
concentrating the total plutonium in solution. For example, the 5 cm3 solution may have become a 
4 cm3 solution through evaporation, increasing the specific activity from 0.86 MBq cm·3 to 1.08 
MBq cm·3, and as a result increasing the concentration of Pu per cm3• If this was the case, the 
increase in Pu(lV) concentration may be due, in part, to the reduction of a fraction of the Pu(VI), 
and the similar Pu(VI) concentration calculated from the analysis of the Pu solution before and 
after heating with NaN02 was coincidence. Unfortunately, this hypothesis is based on supposition 
and cannot be corroborated. 
3.4 SECOND REDUCTlON/OXlDA TlON OF THE MIXED 239pu SOLUTION 
In the second attempt, the same reduction/oxidation technique was applied, although an additional 
step involving column separation of the different Pu oxidation states was also used. 
3.4.1 Experimental 
0.6 cm3 of the Pu solution with a total activity of366.5 kBq was heated to evaporate the HN03, and 
re-dissolved in 2 cm3 of 8 mol dm·3 HN03• I cm3 of this sample was used for separation and the 
other I cm3 was retained. The total mass of the 1 cm3 Pu solution used for column elution was 
1.2524 g. 
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Before addition to a I x 4 Dowex column, 2 drops of a solution of FeCh, hydroxylamine, and 
NaN02 was added to the I cm3 solution. The final mass of the solution was 1.4901 g. 
The Pu mixture was added to the column, and both Pu(IV) and Pu(VI) become attached. Elution 
with 16 cm3 of 8 mol dm-3 lIN03 succeeded in eluting the Pu(VI) fraction, leaving the Pu(IV) 
attached to the column. The Pu(IV) was then washed off the column using 0.35 mol dm·3 lIN03, 
which was repeated four times using 4 cm3 each time. Each wash was collected in separate vials. 
A second sample of the Pu solution (200 Ill) that had not been treated with NaN02 was also eluted 
from a similar column as a control in the same manner as for the treated sample. The 200 III were 
concentrated to attain a lIN03 concentration of -8 mol dm·3 in 100 J.ll. The total activity was 
122.18 kBq. 
Samples were counted by LSC for 20 minutes. 100 J.l1 of each sample were counted in 18 cm3 of 
scintillation cocktail. 
3.4.2 Results and Discussion 
Table 3.1 shows a comparison between the treated Pu sample (samples labelled 'A') and the 
untreated Pu sample (samples labelled 'B'). Samples A Pu I to A Pu 4, and B Pu I to B Pu 4, are 
the Pu(IV) fractions; samples A Wash and B Wash are the Pu(VI) fractions, and samples A Fix and 
B Fix are the initial Pu solution fractions that were not retained on the column. 
Table 3.1 shows that the total Pu(IV) activity retrieved from the column in the treated solution is 
70.56 kBq (addition of activities of samples A Pu I to A Pu 4, specific activity = 4.41 kBq cm·3), 
and the total Pu(VI) activity is 68.67 kBq (A Wash, specific activity = 4.29 kBq cm-3). 0.64 kBq 
was lost in the Pu solution that did not fix to the column. The total activity of all Pu eluted from 
the column was 139.87 kBq, which is 76 % of the total activity added to the column, leaving 43.41 
kBq bound to the resin. 
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Table 3.1: Analysis of the Pu Fractions Mter Column Elution for both the Treated (A) and 
Untreated (B) Pu Samples 
Sample dpm-bkgd Activity Activity per cm' Total Vol. Total Activity IBq IBq Icm' IkBq 
APu 1 49930.48 832.17 8321.75 4.4417 36.96 
APu2 18164.98 302.75 3027.50 4.0313 12.20 
APu3 18059.48 300.99 3009.91 4.0116 12.07 
APu4 13977.88 232.96 2329.65 4.0000 9.32 
AWash 22277.18 371.29 3712.86 18.4941 68.67 
A Fix 2494.78 41.58 415.80 1.5404 0.64 
B Pu 1 5235.73 87.26 872.62 4.4279 3.86 
BPu2 5709.58 95.16 951.60 4.0383 3.84 
BPu3 7138.63 118.98 1189.77 4.0367 4.80 
BPu4 4116.98 68.62 686.16 3.9674 2.72 
B Wash 30117.88 501.96 5019.65 18.5548 93.14 
BFix 38.15 0.64 6.36 0.3783 0.00 
In the untreated samples, 93.14 kBq of the Pu solution added to the column was eluted in the initial 
wash with 8 mol dm-3 HN03 as Pu(VI). Only 15.23 kBq ofPu(JV) was washed from the column. 
The total activity washed from the column was 108.37 kBq (89 %), leaving 13.81 kBq associated 
with the column. 
Treating the Pu solution with FeCI2, hydroxylamine and NaN02 increased the Pu(IV) activity by 
26 %, and reduced the Pu(VI) activity by 39 % when the activities for the untreated elutions are 
compared to the activities for the treated elutions. In the treated solution, an increase of 13 % was 
observed in the Pu activity that remained bound to the resin. Therefore, based on the percentage 
decrease ofPu(VI) activity, it appears the additional 13 % reduction ofPu(VI) noted above resulted 
in a change of oxidation state that has remained bound to the resin. The oxidation state of the Pu 
that remained bound to the column in both the treated and untreated samples was unknown, 
although the most likely oxidation state is Pu(III). 
117 
Section 3.5 Reduction/Oxidation of the Mixed Pu Solution 
And Purification by Column Separation 
3.5 REDUCTION/OXIDATION OF THE MIXED 239pU SOLUTION AND PURIFICATION BY 
COLUMN SEPARATION 
Based on the favourable results of the second attempt at purifying the mixed Pu solution, a fresh 
ampoule ofPu was treated using the method described in Section 3.4 above. 
3.5.1 Experimental 
The 5 cm3 Pu solution (3.51 MBq) was evaporated to dryness under an infra-red lamp. The residue 
was re-dissolved in 1 cm3 concentrated lIN03 and this was also evaporated to dryness. The residue 
was dissolved again in 3 cm3 of 8 mol dm-3 HN03. 5 drops of a mixture of Fe Ch, hydroxylamine 
and NaN02 were added to the solution giving a final solution mass of 4.3404 g. The whole 
solution was added to a I x 4 cm Dowex column where the majority of the Pu fixes to the column. 
The column was washed with 15 cm3 of 8 mol dm-3 lIN03 to remove the Pu(VI). The Pu(IV) 
fraction was removed by the addition of 4 x 4 cm3 aliquots of 0.35 mol dm-3 HN03, giving a final 
Pu(IV) solution mass of 17.0251 g. 
3.5.2 Results and Discussion 
Table 3.2 shows the results of the LSC measurements of each of the fractions collected. Samples A 
Pu 1 to A Pu 4 are the Pu(1V) fractions; sample A Wash is the Pu(VI) fraction, and sample A Fix is 
the excess Pu solution that was not retained on the column. 100 III of each sample were extracted 
for counting. 
From Table 3.2 it can be seen that the total Pu(IV) activity eluted from the column in samples A Pu 
1 to A Pu 4 was 567.69 kBq, and the total Pu(VI) retrieved in the A Wash sample was 1.45 MBq. 
The activity lost in the Pu solution that was not fixed onto the column was 122.03 kBq; therefore, 
the total activity retrieved from the column was 2.14 MBq, which was 61 % of the total activity 
added to the column. 
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Table 3.2: Analysis ofthe Pu Fractions After Column Elution 
Sample dpm- Activity in 100 "I Activity per cm' Total Vol. Specific Activity bkgd tkBq tkBq tcm' tkBq cm" 
APu I 404889 6.75 67.5 4.5529 0.31 
APu2 146035 2,43 24.3 4.1643 0.10 
APu3 139636 2.33 23.3 4.1431 0.10 
APu4 90289 1.50 15.0 4.1648 0.06 
A Wash 454438 7.57 75.7 19.1037 1.45 
AFix 167312 2.79 27.9 4.3763 0.12 
The gross alpha activity was also determined for the Pu(IV) fractions by gas proportional counting 
and are illustrated in Table 3.3. 
Table 3.3: Gross alpha activity determined by gas proportional counting of the Pu(lV) 
fractions compared the alpha activity determined by LSC 
Alpha radioactivity by gas Alpha radioactivity by Sample proportional counting 
t kBa 1(1 LSCtkBq 
APu I 61.3 67.5 
APu2 24.2 24.3 
APu3 23.9 23.3 
APu4 15.3 15.0 
The activities counted by Lse are comparable with the gross alpha activity analysed by gas 
proportional counting. It should be noted that the activity analysed in sample A Pu I was 
50 % higher than the reference standard used to calculate the efficiency of the gas proportional 
counter. 
3.6 PREPARATION OF Pu02 PRECIPITATE 
Pu(IV) in the eluted solution prepared for the working stock (Section 3.5) was present as Pu(N03)4 
and required the addition of NaOH to both neutralise the HN03, and promote the formation of 
PU02' 
119 
Section 3.6 Preparation of PUOl Precipitate 
3.6.1 Experimental 
A solution of 5 mol dm-3 NaOH was prepared inside an argon atmosphere glove box by dissolving 
2 g ofNaOH pellets in 10 cm3 degassed Millipure water. The vessel was sealed for transfer to the 
alpha glove box where the Pu experiments were to be performed. 
The four solutions of Pu(IV) collected from the column separation (Section 3.5, total volume = 
17.03 cm3, specific activity = 7.64 kBq cm-3) were added to a single plastic LSe vial and 
transferred into a negative pressure 99.6 % Ar /0.4 % CO2 atmosphere glove box along with the 5 
mol dm·3 NaOH. The Pu solution was transferred into a 50 cm3 glass vial with a rubber septum 
stopper. A total of 3.5 cm3 of the 5 mol dm·3 NaOH were added to the Pu solution in 500 1-11 
aliquots and the solution shaken after each addition. The final pH measured was 13.34, which 
dropped to pH 13.04 after leaving the solution in the glove box overnight. 
Small amounts of a grey precipitate was visible in the vial, although due to the low concentration 
and high volume of the solution (6.50 x 10-4 mol dm·3 in 19.5 cm3 volume) the precipitate was 
difficult to see. 
To analyse the degree of precipitation, a 400 1-11 aliquot of the Pu suspension (precipitate + 
supernatant), which was agitated prior to sample extraction, was filtered through a 30,000 MWeO 
filter in a eentriplus centrifuge tube. The sample was centrifuged at -6000 rpm for IS minutes. 
200 1-11 of the filtrate from the bottom of the tube were transferred into a LSe vial for counting. 
Similarly, 200 1-11 of the Pu stock solution (no centrifugation) was transferred into LSe vial to 
establish the degree of precipitation of the Pu. 
3.6.3 Results and Discussion 
Table 3.4 shows a comparison between the Pu suspension before and after centrifugation through a 
30,000 MWeO filter. The activity in the third column is the measured activity from the 200 1-11 
volumes used for analysis from both the centrifuged and non-centrifuged samples. The total 
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activity in kBq associated with the solid phase (assumed to be Pu02) and the liquid phase in 19.5 
cm3 of the solution is listed in the last two columns. 
Table 3.4: Comparison ofPu Activity in the Centrifuged and Non-Centrifuged Sample of the 
Pu Suspension 
Sample dpm- Activity I kBq 
Total Activity I kBq 
bkgd Solid Phase Liquid Phase 
Non-Centrifuged 427210.6 7.12 
694.2 116.0 
Centrifuged 71511.0 1.19 
The total activity of Pu in solution before precipitation of the solid phase was determined to be 
567.7 kBq by analysis of the four Pu(IV) fractions after elution from the column (Section 3.5). 
Analysis of the Pu suspension after precipitation of Pu02 showed an 18 % increase in the total 
activity of Pu. The increase in activity observed in the sample of the Pu suspension has been 
attributed to the precipitate not being distributed homogeneously within the liquid phase. 
Therefore, it is assumed the total activity ofPu in the 19.5 cm3 stock solution is 567.7 kBq (specific 
activity = 29.11 kBq cm-3). 
After centrifugation of an aIiquot of the Pu suspension the total activity remaining in the 
supematant was 116.0 kBq. Therefore, the total activity associated with the precipitate is 567.7 
kBq -116.0 kBq = 451.7 kBq (5.15 x 10" mol dm-3 Pu in 19.5 cm'). 
Before preparation of the solutions for the solubility experiments (Section 3.7), the pH of the Pu 
stock solution was adjusted to a final pH of 9.52. When this is added to the solutions the pH will 
level out at pH -8.2 due to the partial pressure of CO2 within the glove box (0.4 % CO2), 
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3.7 PUOl SOLUBILITY EXPERIMENTS 
3.7.1 Experimental 
Prior to sample preparation, the SBCW (prepared by G. Delecaut at SCK-CEN) and the BCHA 
used for the solubility experiments were bubbled with argon to degas the solutions for about 1·2 
hours. Two solutions of 575 mg (C) dm-3 BCHA (TROM 38, TOC 2626.83 mg (C) dm-3) were 
prepared inside the glove box. 10.9 cm3 of the BCHA was diluted to 50 cm3 in volumetric flasks 
using, I) synthetic Boom Clay Water (SBCW), and 2) degassed Millipure water. Six solutions at 
increasing concentrations of BCHA (0 to 500 mg (C) dm-3) were prepared for each BCHA solution 
in 16 cm3 Nalgene centrifuge tubes (Table 3.5). Two solutions containing undiluted real Boom 
Clay water (RBCW) were also prepared. RBCW is the natural Boom Clay interstitial water 
extracted from Boom Clay in the underground HADES laboratory at SCK-CEN and has a natural 
BCHA concentration of approximately 100 mg (C) dm-3. 
A I cm3 spike of the Pu suspension was added to each of the above solutions. The Pu suspension 
was agitated before extraction of each sample to promote homogeneity of the suspension. The 
tubes were sealed and shaken vigorously to ensure homogeneity and left in the glove box. 
The samples were allowed to equilibrate for 15 days prior to an aliquot of each sample being 
extracted for analysis by LSC. A second aliquot of each sample was analysed after 84 days 
equilibration. The second aliquots were filtered through 30000 MWCO membranes by 
centrifugation and a 200 JlI sample extracted for analysis by LSC. The remaining filtrate from each 
sample was centrifuged a second time using fresh filters and 200 JlI of each filtrate was analysed as 
before. The second centrifugation step was to establish whether Pu sorption onto the membranes 
was occurring. 
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Table 3.5: Composition orpuo2 Solubility Solutions 
Final [BCHAII Vol. BCHA+ Vol.SBCW 
mg (C) dm·' SBCW added I cm' addedlcm' 
500 10 0 
200 4 6 
150 3.5 6.5 
70 1.3 5.7 
20 0.4 9.6 
0 0 10 
Final [BCHA] I Vol. BCHA+ Vol. Water added 
mg(C) dm"' Water added I cm' I cm' 
500 10 0 
200 4 6 
150 3.5 6.5 
70 1.3 5.7 
20 0.4 9.6 
0 0 10 
3.7.2 Results and Discussion 
The results for the analysis of the samples collected after 15 days equilibration are presented in 
Table 3.6 and illustrated in Figure 3.3. 
Table 3.6: Results of the Pu-BCHA Samples after 15 days Equilibration; 30 kDa 
centrifuged/filtered 
[BCHA] I mg (C) dm·3 [Pu] I mol dm·' 
0 1.63 X 10-6 
20 8.09 X 10.7 
Demineralised water 70 
8.31 X 10.7 
150 9.88 x 10.7 
200 9.24 X 10.7 
500 9.74 x 10.7 
0 1.34 x 10-6 
20 7.04 X 10.8 
SBCW 70 
2.66 x 10.7 
150 6.31 x 10-7 
200 6.90 x 10-7 
500 9.64 x 10-7 
RBCW 100 
2.58 x 10-7 
100 2.60 x 10-7 
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Figure 3.3: Res ults of Ibe Pu-BCHA Samples after 15 days Equilibration; 30 kDa 
cenl rif uged/ liJlered 
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The Pu(IV) concentrations detected in the samples generally increase as the BCHA concentration 
increases in both the BCHA + Waler and BCHA + SBCW samp le sets, indicali ng complexation 
between Pu(IV) and BCl-IA is occurring. The increase is more pronounced in the BCHA + SBCW 
sample sel (Figure 3.3). Pu(1 V) concentrations in the BCHA + SBCW sample sel are genera lly 
lower than for the BCHA + Water samples. The 500 mg (C) dm-) sample is the exception to thi s 
where Ihe resulls are sim ilar for both sample sets. 
The expected concentration of Pu02 to be disso lved by the BCHA was - 10,8 - 10" mol dm'3, 
based on a previous AEA study. These first results, taken after only days of equilibrium, are 
comparable to the expected concentration. 
The concentrations of Pu(lV) detected in the blank samples, where no BC HA was present for both 
the BC HA + Water and BCHA + SBC W are higher than was expecled, having concentrations 
greater than the 500 mg (C) dm') samp le for e ither sample set. A poss ible explanation is that 
Pu(V I) can be reduced to Pu(lV) by as litt le as 0.1 mg dm') humic materia(l631. Therefore, if 
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Pu(VI) was present in the Pu suspension so lution added to the samples, or di spropol1ionation 
occurred, the Pu(VI) would have been reduced to Pu(IV ) by the humic acid . 
The concentration of Pu( IV) detected in the two RBCW samples after 15 days are, on average, 
comparable with the 70 mg (C) dm-3 sample from the BCI-lA+SBCW, sample set (2.58 x 10-7 and 
2.66 x 10-7 mo l dm-3, respecti ve ly). Addit ion of BCI-lA to SBCW is effectively creating synthetic 
RBCW, so a s im ilarity of the results was expected. 
The apparent reductive nature of the humi c acid is more pronounced in the sampl es extracted after 
84 days o f equilibration. The results are presented in Table 3.6 and Figure 3.4 . 
Table 3_6: Results of the Pu-BCHA Samples after 84 days Equilibration; Un filtered, 30 kDa 
centrifuged ( I filtration) and 30 kDa centrifuged (2 filtrations) 
IBCHAI NOD- filtered 1st filtration 2nd filtrat ion 
I rug (C) dm-l IPul 1 mol d lll-' IPul 1 mol dm-' [pull mol dUl-' 
0 3.60 x O-{i 1.54 x 10-{i 1.7 1 x 10-{i 
20 3.42 x O-{i 7.49 x 10-7 5.46 x 10-7 
Oemincraliscd 70 3.14 x O-{i 7.92 x 10-7 6.92 x 10-7 
water 150 3.66 x O-{i 8.32 x 10-7 8.50 x 10-7 
200 3.52 x O-{i 7.95 x 10-7 7. IOx 10-7 
500 2.59 x O-{i 6.79 x 10-7 7. IOx 10-7 
0 3.07 x O-{i 7.55 x 10-7 8.04 x 10-7 
20 3.72 x O-{i 3.93 x 10-8 3.53 x 10-8 
SBCW 70 4.24 x 
O-{i 1.76 x 10-7 1.69 x 10-7 
150 3.93 x O-{i 4.22 x 10-7 4.17 x 10-7 
200 3.99 x O-{i 4.92 x 10-7 5.I Ox I0-7 
500 3.65 x O-{i 6.04 x 10-7 6.64 x 10-7 
RBCW 100 3. 18 x 
O-{i 1.43 x 10-7 1.44 X 10-7 
100 3.07 x O-{i 1.22 x 10-7 1.22 x 10-7 
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Figure 3.4: Results of tbe Pu-BCHA Samples after 84 days Equilibratioo; Unfiltercd, 30 kDa 
centrifuged (1 filtration) and 30 kDa centrifuged (2 ftItrations) 
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After 84 days equilibration, all samples containing BCHA showed a general decrease in Pu 
concentration on comparison of the Pu concentrations after I filtralion for the 84 day samples to the 
IS day samples; this is better illustrated on Figure 3.4 . A more pronounced decrease in Pu 
concentration is evident in both sample sets after 69 days additional reaction time when the 
concentrat ion of BC HA increases. These results confirm that the humic acid present continued to 
reduce remnants of Pu(VI) present to Pu(IV), with greatest decrease being for the RBCW samples, 
where a mean decrease of 49 % was observed between the IS day and 84 day samples. 
A 44 % decrease in the control samp le for the BCHA+SBCW sample was observed, although no 
BCHA was present in the sample. The observation suggests that a slow coagulation/precipitation 
of Pu(IV) is occurring in SBCW, which is accelerated by the presence of humic acid. The same 
decrease was observed in the BCHA+Water sample, although there was on ly a 5 % reduction in the 
Pu concentrat ion. 
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The results of the investigation of possible sorption of Pu onto the membrane of the centrifuge 
filters are presented in Table 3.6 and illustrated in Figure 3.5. Analysis of aliquots of the filtrate 
after I filtrati on and 2 filtrations showed no appreciab le decrease in Pu concentrations, indicating 
sorption was not occurring onto the membranes. 
Figure 3.4: Results of tbe Pu-BCHA Samples after 84 days Equilibration; Uufiltered, 30 kD .. 
centrifuged (\ filtration) and 30 kDa centrifuged (2 filtratioos) 
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3.8 D ETERM INATION OF PLUTONI UM (TV) OXIDE STABILITY CONSTANTS 
Stabi lity constants for the interaction of l'u0 2 in the presence of BCHA have been deri ved using 
the solubility produclfside reaction coefficient approach discussed in Section 2.6. As for the U02-
BCHA stabil ity constant ca lculations, the log ~'4 value was taken from literature (Meti vier and 
Guil laumont l1 51) and, unlike for U02-BCHA, the Ksp for l'u02-BCHA used was a lso from literature 
(Neck and Kim141) and was not derived based on the experimental results d iscussed above. Due to 
the relative ly high Pu concentration detected in the Pu02 blank sample where water was present but 
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no BCI-lA, the ' true' solubility product could not be determined. Therefore, to enable Pu0 2-BCHA 
stability constants to be derived, literature values were used and are as foll ows: 
• log 13 14 = 48.1 ± 0.9 
• log Ksp = -58.5 ± 0.7 
The log 13 14 va lue was taken as a sing le value directly from Metivier and Guillaumont l1 51, whereas 
the log K,p va lue was an average of 17 different studies reviewed by Neck and Kim141, and is 
considered to represent the best value for the so lu bility product of amorphou s Pu(IV) hydrox ide or 
hydrous ox ide. 
3.8.1 Derivation of Stability Constants for BCHA-Pu(OH)4 
In the experime nts discussed above, a range of Pu concentrations were obtained for increasing 
BC HA concentrations from 20 to 500 mg (C) dm-3 at pH - 8.2. There are no data for the pH values 
of the samples, as it was assu med to be approximately pH 8.2 based on the partial pressure o f the 
CO2 environment inside the glove box (0.4 % CO2). Therefore, the hydroxide concentration of the 
solutions was assumed to be 1.58 x 10-6 mol dm-3. 
Table 3.7 outlines the BCHA concentrations, tota l hum ic ac id concentra tion, [HAh , and the 
plutonium concentrations of each samp le. [I-lAh was calcu lated based on the proton exchange 
capacity of BCHA, which is 4.3 x 10-3 mo l dm-3 carboxyl groups, and the assumption that the 
BC HA fraction of Boom Clay natural organic matter is 50 % of the humic material present within 
the Boom Clay natural organic matter. 
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Table 3.7: Results of tbe Pu-BCHA Samples after 84 days Equilibration 
IBe HAl 1 mg (C) dm·J IHAiT l mol dm·J I Pu Isolulion I mol dm-J 
20 0.0001 72 7.49 x 10-1 
70 0.000602 7.92 x 10-1 
150 0.00 129 8.32 x 10-1 
200 0.00 172 7.95 x 10-1 
500 0.0043 6.79 x 10-1 
The following parameters have been calculated based on the assumed hydrox.ide concentration for 
pH 8.2, and the log J3 and log Ksp values discussed above. The assumpti on that the dominant forlll 
of Pu is Pu(01-l)4 is based on a review of lilerature by Neck and Kiml41 where stability constants 
have been deri ved for l'u(0 1-l )4' 
A = 1+ 10gJ3 [OH-]' = 7.85xI0" 
( K", )A = 3.98 x. 10-11 mo l dm-J [OWl' 
( K", J = 5.07 X 10-36 mol dm-J [OW]' 
The stabili ty constants fo r Pu(O Hk BCI-IA ca n therefore be ca lculated us ing equation (2.6. 1) from 
Section 2.6 assuming the stoichi ometry of the Pu(IV)-BCI-IA complex is Pu(Ol-lk BC I-IA and are 
presented in Table 3.8. 
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Table 3.8: Stability Constants for Pu(OH)4-BCHA 
IBCHAl / mg (C) dn,-J ~ log ~ 
20 1.383 x 1056 56. 14 
70 4. 166 x 1055 55.62 
150 2.041 x 1055 55.3 1 
200 1.462 x 1055 55. 17 
500 4.994 x 1054 54.70 
Average 55.39 ± 0.54 
Therefore assuming that the stoichiometry is I :4, i.e. Pu(O I-i)" log 13141 = 55.39 ± 0.54. 
3.9 GENERAL Co CLUS tONS 
3.9.1 C haracterisation of the 2J9pu Solution 
Analysis of the Pu solution as received from IRMM by UVNis showed approximately half of the 
Pu present was as Pu(lV) and half as Pu(VI). Therefore, either the Pu(VI) would req uire reduction 
to Pu(IV), or the Pu(IV) chemica lly separated from the Pu(VI) fraction . 
3.9.2 Reduction/Oxidation of tbe 2J9pu Solution 
Initia l attempts at reduci ng the Pu(V I) and ox idising the Pu(lIl ) to Pu(IV) failed to produce any 
apprec iab le change in the ox idation states of the Pu solution. A second attempt succeeded in 
increasing the concentration of Pu(lV) in the solution, although not all Pu(VI) was reduced to 
Pu( IV). Therefore, column se parat ion to removed Pu(V I) fro m so lution was successfully 
employed. 
The same procedure at reducing/ox idi sing and separating the Pu solution to produce a pure Pu(IV) 
solution was used on a fresh mixed Pu ampou le. A Pu(lV) so lution with a specific activity of 7.64 
kBq cm-3 was obtai ned. 
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3.9.3 Preparation of ruo, Precipitate 
Analys is of the solution aller prec ipitation of the PuO, yie lded a total concentrat ion of 5.1 5 x 10" 
mol dm-' PuO, in the 19.5 cm' vo lume. The total activity was 45 1.7 kBq (spec ific activity = 23. 16 
kBq cm-3). 
3.9.4 Pu02 Solubility Experiments 
Analys is of the Pu02-BCHA samples aller 84 days showed up to a 50 % decrease in Pu 
concentration compared to that for the same samples analysed after 15 days. The red ucti on 
indicates Pu(VI) was present in the solutions and was be ing reduced by the humic acid to Pu(IV), 
thereby effectively lowering the Pu concentratio ns of the solutions thro ugh production of less 
so luble, precipitated Pu02. The red uction in Pu concentration was more noti ceable in the samples 
containing BCHA+SBCW and RBC W, and can only be attributed to the ' impurities' in the 
solutions, i.e. the other ions present within synthetic and real Boom Clay interstitial water. 
An increase in BCHA concentration within the samples for both the BCHA+Water and 
BCHA+S BC W sample sets showed a general increase in Pu concentrations. The effect was more 
noticeable in the BCHA+SBCW samples, and the Pu concentrations were generally lower when 
compared to the same concentration samples for BCHA+ Water. Aga in, this indicates some effect 
of the other ions present in the synthetic Boom Clay interstitial water was causing a lower Pu 
concentration associated with the BCHA. 
For both the BCHA+Water and BC HA+SBCW sample sets the Pu concentrations of the blank 
samples were higher that the highest BCHA concentration samples (500 mg (C) dm-3) . Aller 84 
days, a slight decrease in Pu concentration was noted with in the BC HA+Water samples, and was 
more pronounced in the BCHA+S BCW samples (4 % and 44 %, respectively). Red uction effects 
from other io ns in the SBCW is again suspected. 
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The results for Pu02 solub ility in the presence of RBCW are comparab le 10 s imilar concentrations 
of BCHA+SBCW. The s imi larity was expected as add ing BCHA to SBCW effectively creates 
RBCW. A 49 % decrease in Pu concentrati on fo r the 15 day a nd 84 sampl es was observed . 
Sequential filtration or the samp les through two 30 k.Da membrane fi lters showed no sorption onto 
the Fi Iters was occurring. 
After 84 days equilibration of Pu0 2 the observed Pu concentrations were [mean] 7.68 x 10-7 mol 
dm-3 for BCHA+Water, between [20 mg (C) dm-3] 3.93 x lo-g and [500 mg (C) dm-3] 6.04 x 10-7 
mol dm-3 fo r BCHA+SBCW and [mean] 1.33 x 10-7 mol dm-3 for RBCW. The BCHA+Water Pu 
concentrations for 20 to 500 mg (C) dm-3 are a ca lculated mean as no trend was observed. 
3.9.5 Determination of Plutonium (IV) Oxide Stability Constants 
Assuming the sto ich iometry of Pu(lV) complexed with hydroxide is I :4, i.e. Pu(O I-l)4' then the 
stability constant for Pu(Ol-lkBCHA in log 13 = 55.39 ± 0 .54. 
132 
Sect ion 3.9 General Conclusions 
The results for Pu02 so lubility in the presence of RBC W are comparable to similar concentrat ions 
of BCHA+SBCW. The similarity was expected as adding BCHA to SBCW effectively creates 
RBCW. A 49 % decrease in Pu concentration for the 15 day and 84 samples was observed. 
Sequenti al filtration of the samples through two 30 kDa membrane filters showed no sorption onto 
the fi lters was occurri ng. 
After 84 days equilibration of Pu02 the observed Pu concentrations were [mean] 7.68 x 10.7 mol 
dm·3 for BCHA+ Water, between [20 mg (C) dm-3] 3.93 x lo-g and [500 mg (C) dm-3] 6.04 x 10-7 
mol dm-3 for BCHA+SBCW and [mean] 1.33 x 10-7 mol dm-3 for RBCW. The BCHA+Water Pu 
concentrations for 20 to 500 mg (C) dnr3 are a ca lculated mean as no trend was observed. 
3_9_5 Determination of Plutonium (IV) Oxide Stability Constants 
Assuming the sto ichiometry of Pu(lV) complexed with hydroxide is 1:4, i.e. Pu(O H)4' then the 
stab ili ty constant for Pu(OI-lkBC HA in log f3 = 55.39 ± 0.54. 
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Section 4. 1 Introd uction to Rad io labelling of Boom Clay Humic Acid 
4. 1 I NTRODUCTION TO RADIOLABELLING OF B OOM CLAY H UM IC ACID 
The process of radiolabelling is a tried and tested method for determining the fate of a molecule 
with in a homogenous envi ronme nt; for example, determining the fate of prote ins within an 
organism. The metabolic pathway for a radiolabelled protein can be determ ined by following the 
radioactivity attached to the protein . With in an environmenta l system, such as understanding the 
mobility of water-borne organ ic material within ground water, the mobili ty of organic material 
t11rough porous geo logy ca n be followed through the introduction of a representative radio labelled 
fraction of the organic materia l. Rate and direction of fl ow can be determined by fo llowi ng the 
radiolabelled organ ic material. 
One aim of TRANCOM- l1 l98 l is to determine the mob ility of BCHA through Boom clay. The 
BCHA was extracted from the underground laboratory at Studiecentrum Voor Kernenergie, Centre 
D' Etude De L' Energie Nucleaire (SCK-CEN), Mol, Belgium. The mobility of the BCHA within 
the ground water cannot be quant itative ly measured due to the homogenous environment; 
therefore, the introduction of radiolabelled BCHA into the clay can be used to determine the rate of 
fl ow of the BCHA through the clay environment. To faci litate thi s requ irement, BCHA was 
radiolabelled with carbon- 14 in order to provide a representative sample of BCHA with a stable 
radionuclide chemi cally bound into its molecu lar structure. 
A method for radiolabelling humic material was developed us ing I4C-formaldehyde (HI4C HO) from 
a technique used to radiolabel amine groups in bovine albumenl1 02l. The technique is a red uctive 
methylation reaction in wh ich the forma ldehyde (HCHO) reacts with amine groups in a molecule 
forming an imine, with the loss of water. The imine is reduced to form a stable C-N bond us ing, in 
this case, cyanoborohydride as a reducing agent. The chemical reaction is illustrated in Figure 4. 1. 
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Figure 4.1: Reductive Methylation Reaction of an Amine to Incorporate "C into an Amine-
Bearing Molecule 
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The radiolabelling technique was firstly developed using inactive HCHO. Radiolabelling 
techniques are often developed using inactive reagents to limit cost and the production of 
radioactive waste. Therefore, in order to determine the extent of the reaction of the humic material 
with HCHO, a method for the analysis of HCHO was used[103J. The process involves derivatisation 
of the HCHO to form an iron complex between HCHO and tryptophan, followed by reduction 
using sulphuric acid, which will form a violet solution on heating. Colourimetric analysis of the 
derivatised solutions was performed by UY Nis spectrophotometry on a PU 8730 UV Nis scanning 
spectrophotometer at 575 nm. 
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4.2 LABELU G US ING INACrl VE FORMALDHIYDE 
The methodology, experimental and resu lts for the inact ive labelling of both AHA and BCHA are 
outlined. Where poss ible, conclusions are drawn and summarised at the end of this section. 
4.2.1 Development of tbe Formaldebyde Detection Metbod 
T he fo llow ing sections descri be the experimental method used to label both AHA and BCI-IA usin g 
the reductive methylation method described above. The extent of the reaction is assessed by 
analysis of un reacted, or 'free' HCHO within the labe lling solutions after the reaction has been 
all owed to progress. The results fo r the labelling of AHA and BCHA are discussed. 
4.2.1.1 Experimental 
HCHO, iron (Ill ) chloride, and D,L-Tryptophan were purchased from Aldrich. Sul phuric acid 
(98 %, Specified) was bought fro m Fisher. All water used was NanoPure deioni sed water. 
0.1 % D,L-Tryptophan was prepared by disso lvi ng 0.1 g of solid D,L-Tryptophan in 50 cm' 
ethano l, and diluted to 100 cm' usi ng water in a 100 cm3 vo lumetric fl ask. I % iron (Ill) chloride 
solution was prepared by dissolving 1.0328 g of FeCI, (97 % purity) in 100 cm' water. 90 % 
sulphuric acid sol ution was prepared by add ing 22.05 cm' H,S04 (98 %, Spec ified) to 1.95 cm' 
water. 0.01 mol dnr ' of HCHO stock solution was prepared by diluting 0.8 cm' HCHO (37 % v/v) 
using NanoP ure water in a 100 cm' vo lu metric flask. Standards of 5 x 10-' mol dm-' up to 4 x 10-4 
mo l dm-' were prepared in 100 cm' vo lumetric flasks by subsequent dilution. 
The standard solutions, and a solution of water (no HCHO) were treated using the following 
procedure: I cm' of each standard were added to glass vials, and I cm' of water was added to a 
separate vial. To each vial was added I cm' of 0. 1 % Tryptophan solution, I cm' 90 % sulphuric 
acid solution, and 0.2 cm' of I % iron (Ill) ch loride solution. The vials were shaken after each 
add ition, and the solutions were incubated at 70·C for 90 minutes in a water bath. The so lutions 
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were allowed 10 coo l and ana lysed by UV lV is at 575 nm using the incubated sample with only 
water as a reaction blank. 
4.2.1.2 Results and Discussion 
During incubation the solutions changed from clear to slightly ind igo. The degree of colouration 
was dependant on the concentration of HCI'IO, where high concentrat ions of HCHO prod uced a 
dark indigo colour, with lower concentrations being more transparent 
The concentrat ions of the HCHO standard so lutions prepared ranged from 5 x 10" to 4 x 10.3 mol 
dm·3, wh ich had absorbance results from UV/Vis analys is that were used to construct a ca libration 
plot Tab le 4.1 shows the concentrations o f the individua l HCHO solutions and the absorbance 
after derivatisation. Figure 4.1 shows the ca libration plot of the results, and a linear response is 
demonstrated, indicating that the tecllll ique is sensitive to the HCHO concentration. 
Table 4.1: Absorbance Results of HCBO Standard Solutions and Reaction Blank After 
Derivatisation and Analysis by UVlVis at 575 11111 
i lHCHOI (111 01 din" ) Abs. 
0.00 0.000 
5.00 x 10.5 0.276 
1.00 x 10-4 0.433 
2.00 x 10-4 0.969 
3.00 x 10-4 1.450 
4.00 x 10-4 1.88 1 
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Figure 4.2: Calibration Plot for HCI:IO Standard Solutions and Reaction Blank After 
Derivatisation and Analysis by UVfVis al 575 nm 
2.000 
1.500 
.; 
~ 1.000 
0.500 
• 
y = 4730.3x + 0.007 
R' = 0.9983 
0.000 ¥_------------------------' 
O.OOE+OO 1.00E-04 2.00E-04 3.00E-04 4.00E-04 
IHCHOI I mol dm" 
Us ing the equation fo r the line of best fit from Figure 4 .2, the concentration of HCHO in unknown 
so lutions can be ca lculated after derivatisation . 
It was discovered by experimentation that the derivatisation technique used for the detection of free 
HCHO is sens il ive to the concentratio n of HCHO present but is limited to a small range of HCHO 
concentrations. If the concentration of the HCHO is greater than 6 x 10" mo l dm·3, the indigo 
colour prod uced gives an absorbance measurement of greater than 3.0, whereas, if the 
concentration is less than I - 2 x 10-' mo l dm-3, the colouration is indi stinguishable from the 
reaction blank. The maxi mum concentration of I-I CHO that will be analysed wi ll be between 0.00 I 
and 0.002 mol dm-' of HC HO. Therefore, dilution factors will have to be considered in unknown 
sa mples in order to determ ine the HCHO concentrations. 
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4.2.2 Inactive Labelling of AIlA and BCHA with HCHO 
The reductive methylation technique described above was applied to both AHA and BCHA using 
inactive HCI~O . The extent of incorporation of HCI-IO into both humic materials was established 
by ana lysis of the free HCHO in solution after the reaction was allowed to proceed. Free HCHO 
concentrations were ana lysed using the deri vati sation method described above. 
4.2.2.1 Experimental 
HCHO (37 % v/v), sodium cyanoborohydride (NaCNBH3), N-2-Hydroxyethylpiperazine-N ' -2-
ethanesulphonic acid (HEPES) buffer, humic acid (AI-lA, as sodiulll humate), and trichloroaceti c 
ac id (TCA) were all bought from Aldrich. 
0.1 mo l dm" of HCHO was prepared by adding 0.81 cm' of HCHO (37 % v/v) to water in a 
100 cm' volumetric flask . A 1000 mg dm-' solution of AHA was prepared in a 100 cm3 volumetric 
flask by di sso lving 0.1 g purifi ed sodium humate in 100 cm' water Before di lution to volume, the 
follow ing reagents were added: 0.1 mol dm-' HEPES (2.6034 g), 0.02 mol dm-' NaCNB H, (0.1 24 1 
g), and 2 cm' of 0.1 mol dm-' HCHO so lution, giv ing a final concentration of 0.002 mol dn'-' 
HC HO. The solution was shaken and diluted to 100 cm' using water and left to react at room 
temperature overnight. The labelling of AI-lA was perFormed in duplicate. 
A 1000 mg dm-' solution of BCHA was prepared from TRANCOM Qrganic Matter (TROM) 3 1 
(TOC 3633.96 mg (C) dm-') by diluting 13.76 cm' BCHA with anoPure water in a 50 cm' 
volumetric fl ask. Before dilution to vo lume, the followi ng reagents were added: 0.02 mol dm" 
NaCN BH, (0.7864 g), 0.1 mol dm-' HEPES ( 1.6 142 g), and 2 cm' of 0.1 mol dm-' HCHO, giving a 
final HCHO concentration of 0.002 mol dm-' . The solution was a llowed to stand at room 
temperature for - 24 hours. 
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A control so lution was prepared as for the AHA and BCHA so lutions, a lthough no humi c materia l 
was added to the reaction vessel. The contro l so lution was used to establish whether a reduction in 
HCHO concentration would occur in absence of humic materia l through other chemica l reactions. 
Red uction of HCHO concentrations in the solution contai ning humic material was determined by 
ana lys is of a liquots of the labelling so lution, where the humic material was precipitated by the 
addition ofTCA, and the supernatant analysed for HCHO. 
Six I cm3 al iquots of the two separate AHA, and the single BCHA labelling so lutions were added 
to separate centri fuge tubes and 7 cm3 of 5 % TCA were added to each tube. The solutions were 
shaken and centrifuged for 30 minutes at 5500 rpm using a Hettich ZentTi fugen EBA 30 centri fuge 
to remove the prec ipitated humic material from solution. 2.5 cm3 of the supematants were 
extracted by hypodermic syringe and fi ltered through a 0.22 Jlm Pa ll Acrod isc Cellulose Membrane 
syringe filter to remove any suspended humic material. I cm3 of each solution was transferred to 
separate glass vials and ana lysed for HCHO concentration aga inst a reaction blank by UV N is at 
575 nm after deri vati sation us ing the HCHO detection method (Section 4.2. 1). Analyses of the 
AHA and BCHA labelling so lution were performed in duplicate, as was the analys is of the 
supematant of each I cm' aliquor. 
Free HCHO concentrat ions were ca lculated from the absorbance results us ing the eq uation fo r the 
line of best fit in Figure 4.2. A ll dilution factors were taken into account. 
4.2.2.2 Results and Discussion 
4.2.2.2a Analysis of AHA labelling Solulion 
To analyse the free HCHO present in the labe lling so luti ons within the pre-de fined range of HCHO 
concentrations discussed in Secti on 4.2. 1, the total concentration must be less than 
0.0006 mol dm·3. If HCHO had not reacted in the labelli ng solutions (i.e. if reductive methylation 
had not occurred), the total HC HO concentration would be 0.002 mol dm·3, which is approximate ly 
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three orders of magnitude higher than the max imum concentration that can be ana lysed by the 
HCHO detection method. Therefore, in order to ensure that the HCHO concentration present in 
solution fa lls within Ule analysis range of the method, an 8-fo ld di lution was used, giv ing a final , 
theoretica l max imum HCHO concentration o f 2.5 x 10" mol dm-3. In the analysis of the labelling 
solutions, I cm3 of the labelling so lutions was added to 7 cm3 of5 % TCA. 
Table 4.2 shows the results for the ana lys is of the twelve supernatant aliquots (performed 111 
duplicate) of the AHA labell ing solutions by UVNis at 575 nm . 
The results in Table 4.2 are from the same AHA labelling solution and can therefore be averaged. 
The duplicates (e.g. 1.1 and 1.2) are I cm3 samples taken from the same supernatanl. The average 
of a ll the absorbance readings is 1.63 1 ± 0. 107. Using the absorbance as the y function in the 
equati on from the calibration plot (Figure 4.2), and taking into consideration the eight-fold di lution 
facto r, the total concentration of HCHO was 0.00136 mo l dm-'- Therefore, the concentration o f 
HCHO had decreased by 32 %, indicat ing the reductive methy lation reaction had occurred. 
Table 4.2: Absorbance Results of Aliquots of tbe First AlIA LabcUing Solution After 
Derivatisatioll and Analysis by UVNis at 575 nm 
Sa mple No. Abs. Average Sa mple No. Abs. Average 
1.1 1.579 1.639 4 .1 1.567 1.707 
1.2 1.698 4.2 1.847 
2. 1 1.585 1.547 5. 1 1.592 1.672 
2.2 1.508 5.2 1.752 
3.1 1.47 1 1.61 3 6 .1 1.562 1.608 
3.2 1.754 6.2 1.654 
The analysis for free HCHO was repeated on the second AHA labelling solution, and on the control 
solution, which contained all reagents, with the exception of any humic material. The 
concentration of free HCHO should not have decreased in the control solution as no humic material 
(or amine groups) would be present for the reductive methylation reaction to occur. 7 cm3 of 5 % 
TCA was added to s ix I cm3 aliquots of bolll the so lutions containing AHA and no AHA. It was 
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expected that the HCHO concentration in the control so lution would not have changed from the 
0.002 mol dm" added; therefore, after an eight-fold dilution, I cm' should contain 
0.00025 mol dm-' . From the cal ibration plot, this concentration would give an absorbance reading 
> I. Therefore, to ensure greater accuracy, 0.5 cm' of the supernatanl were mixed with 0.5 cm' 
water, giving a fina l concentration of 0.000 125 mol dm-' after addition ofTCA. 
Table 4.3 and Table 4.4 show the absorbance resu lts after derivatisation and analysis by UVNis at 
575 nm of the samples from the so lutions with AHA present and AHA absen!. 
Table 4.3: Absorbance Results of Aliquots of the Second AHA Labelling Solution After 
Derivatisation a nd Analysis by UVNis at 575 nm 
Sa mple No. Abs. Average Sam ple No. Abs. Average 
1.1 0.499 0.736 
1.2 0.972 
4. 1 0.658 0.661 
4.2 0.664 
2.1 0.585 0.727 
2.2 0.869 
5. 1 0.602 0.703 
5.2 0.804 
3.1 0.591 0.636 
3.2 0.680 
6. 1 0.867 0.807 
6.2 0.747 
Table 4.4: Absorbance Results of Aliquots of the Labelling Solution Containing No AliA 
After Derivatisation and Analysis by UVlVis at 575 nm 
Sample No. Abs. Average Sample No. Abs. Average 
1.1 0.286 0.434 
1.2 0.581 
4. 1 0.597 0.682 
4.2 0.766 
2.1 0.63 7 0.653 
2.2 0.668 
5. 1 0.798 0.723 
5.2 0 .648 
3.1 0.622 0.6 13 3.2 0.604 
6. 1 0.757 0.724 
6.2 0.690 
Using the equation from the calibration plot, and taking into consideration dilution, Ihe average of 
the samples from Ihe labell ing solution show a HCHO concentration of 1.1 8 x 10') mol dm-' , which 
equates 10 a 42 % decrease in HCHO concentration. Applying Ihe same equation and taking into 
account dilulion factors of the solution containing no humic maleria l, the concentration of HCHO 
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was 0.00202 mo l dm-'. The total HCI-IO concentrati on in the reaction so lution was 0_002 mo l dm-J, 
the refore the results indicate no decrease in HCHO concentration has occurred . 
Analys is of a second control solution prepared on a later date produced a final concentration of 
0_00229 mol dm-3_ The concentrat ion was higher than expected, but can be attributed to errors in 
initial sample preparation and dilution factors. 
The apparent decrease in HCHO when in contact with AHA demonstrates that the HC HO has most 
likely reacted with the amine groups o f the humic material. As no decrease in HCHO 
co ncentrations were noted with in the control so lutions in the absence of humic material, this further 
SUppOlt s that the reducti ve methylation reacti on has occurred. 
4.2.2.2b Analysis of/he BCHA labelling solution 
The labelling method was performed on 100 cm3 of 1000 mg (C) dm-3 so lution of BC HA, prepared 
from TROM 31 (TOC 3633 .97 mg dm-\ The BCHA was allowed to react in the presence of the 
reagents overnight. Two I cm3 aliqllots were extracted, treated with 7 cm3 of 5 % TCA, 
centrifuged and analysed using the HCHO detection method. Analys is of the sllpernatant after 
approximately 18 hOllrs o f reaction time showed no decrease in HCHO concentratio n ([HCHO] = 
0.0021 mol dm-3)_ After a Further 24 hOllrs, analysis of the solution still showed no decrease in 
HCHO concentration. 
At this point it was hypothesised that either the reaction was slower for BCHA than for AHA, or 
the reaction did not occur in BCHA; therefore, the so lution was left to stand for a fUlther 144 
hours. After this time, a 15 % decrease in HCHO was observed, and ana lysis after approximately 
2 16 hours showed a 23 % decrease in the HC HO concentrat ion_ Analysis after a further 5 days of 
reaction time showed no further decrease in HCHO concentration. 
The reductive methylation reacti on in the presence of BCHA appeared to take longer to reach 
equi librium than for AHA, and it was therefore hypothes ised that the AHA has more accessible 
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ami ne groups than the BCHA. To test thi s theory, two labelli ng sol ut ions, one of BCHA and one 
of AHA were prepared and allowed to react overn ight. Analysis of both solutions a fter standing 
for approxi mately 18 hours showed no decrease in HCHO in either solution. The result for the 
AHA was not consistent with prev ious experiments, which showed a marked decrease in HCHO 
concentration over a similar time peri od. The so lutions were left for a further 24 hours and then 
analysed a second time. The second analys is showed a decrease in I-ICI-IO concentration in both 
sol utions: 22 % for BCHA, and 26 % decrease fo r AHA. This disproved the hypothes is that the 
reducti ve methylation reaction was slower to reach equili brium than fo r AI-I A due to less accessible 
amllle groups . 
The reason for the slower reaction time wa att ributed to hyd rat ion of the sod ium 
cyanoborohydride used, thereby lowering its efficiency. The amount of NaC BI-I, added to the 
labelling mixtures would not have been at the correct concentration due to hydration altering the 
relati ve mass of the solid . Therefore, all further labelling experiments used fresh NaCN BI-I, . 
4.2.3 Spectrophotometric Analysis of the Labelled AHA and BeRA 
Once labelled, the hum ic material must be representative of the humic materia l as it is fo und 
naturally, and therefore, the reaction used to label the humic material must not drast ically alter its 
mo lecular structure, or cause the hum ic material to act differently to unlabelled material. If this 
were to occur, use of the labe lled material would not be representative of the humic material is it 
emulating. 
4.2.3.1 Experimental 
50 mg dn'-' so lutions of labe ll ed and unlabell ed AHA were prepared from 1000 mg dm-' stock 
sol utions; simi larly, 50 mg (C) dm-' of labelled and unlabelled BCHA were prepared where the 
unlabe lled BCHA was prepared from TROM 31 (TOC 3633 .96 mg (C) dm-'). The four so lutions 
were analysed using UVN is spectrophotometry us ing a wavelength scan from 200 nm to 550 nm, 
144 
Sect ion 4.2 Labe lling using Inactive Formaldehyde 
and the labelled and unlabe lled material was compared for both AI·IA and BCHA . T he labell ing 
contro l so lutio n and a solution of 0.1 mol dm" HCHO were also ana lysed. 
Spectra l analys is o f the labelled AHA so lutions could not be interpreted be low 250 nm due to 
interference from the other reagents in the solutions. Therefore, a wavelength scan between 250 
nm and 600 nm was performed. 
4.2.3.2 Results and Discussion 
Figure 4.3 shows a comparison between 50 mg dn'-' of the labelled and unlabe lled AHA. There 
was an increased absorbance is between 200 nm and 250 nm, where the labelled AHA has a highe r 
absorba nce than the un labelled AI·IA so lution. T he increase has been attributed to the presence o f 
both cyanoborohydride and HEPES buffer, both having strong chromophores within the structures 
of the molecules. The theory was confirmed by analysis of the control solut ion containing no 
AHA, which showed the same high absorbance between 200 nm and 250 nm. 
Figure 4.3: Comparison of the UVNis S pectrums of 50 mg dill" Labelled and Unlabelled 
AHA from 250 nm to 600 nm 
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Figure 4.4 shows a comparison of the spectrophotometric analysis of the labelled BC HA and 
unlabelled BC I-IA. As with the A I-I A, there is little di fference between the two spectTa after 300 
nm indicating that no structural change has occurred. 
Figure 4.4: Comparison of the UVNis Spectrums of Labelled and Unlabelled AHA from 250 
nm to 600 nm 
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4.2.4 Stability Testing of the Labelled Material 
Stabi li ty testing of a radiolabell ed molecule must be performed to determine whether the label is 
fu lly bound to the ' labelled' molecule, or whether it is weakly sorbed. Weak ly bound rad io labe ls 
may detach from the humic materi al and migrate at an increased rate. It is currently unknown 
whether the labelling process has strongly incorporated the label into the humic material (e.g. 
through chemical reaction), or whether the label is weakly sorbed (e.g. become trapped within the 
humic molecules structure). 
Three techniques were contemplated to establi sh the stabili ty: inherent stabil ity through dialysis; 
pH stabili ty in acid and alkaline cond it ions; a nd contact with so lid phases. 
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Dialys is of the labelled material would have been used to, firstly, invest igate the inherent stab ili ty 
of th e labe l, and secondly, as a purification method to remove unreacted reagents. To explore the 
use of di alys is as a method to test the inhe rent stabili ty of the label, HCHO analys is would have 
been used. But, as the reaction to attach the label to the humic material changes the HCHO 
molecul e, this method wo uld not have been successful. 
The pH investigation and contact onto solid phase experiments were not perfo rmed on the inactive 
labelli ng olut ions. The experiments were designed to investigate whether alteri ng the pH of the 
labelling so lution, or sorption onto so lid phases would promote the re lease of HCHO. Due to the 
nature of the reductive methy lation reaction, the HC HO molecules that have undergone reducti ve 
methylation would not be detectable using the HCHO detecti on method. Therefore, analys is of 
so lut ions for HCHO after performing the pH and so lid phase experi ments would not provide any 
useful data . 
4.2.4.1 Purilication by Dialysis 
4.2.4.1 a Experimental 
Purification of the labelling solution was performed by dia lysis. 20 cm of 500 MWCO dialysis 
membrane (Med ice ll) was washed with water and a llowed to soak fo r - 24 hour in 0.05 mol dm" 
NaCI in a fridge. After soaking, the membrane was washed with water and one end sea led using a 
plastic clip leav ing - 2 cm of the membrane be low the c lip. 50 cm' o f the labelled AHA was 
poured into the dialysis bag and the top of the bag was sealed with a second c lip. The membrane 
was immersed in 400 cm' of 0.05 mol dnf ' NaC I fo r -48 hours, after which the di alys ite was 
analysed for HCHO concentration, and the membrane was immersed in 400 cm' of fresh NaC I. 
Thi s was repeated a further fi ve times, and each time the dialysi te was analysed for free 
formaldehyde. 
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The labelled BCI-IA was treated in the same way, except 30 cm3 was dialysed, and a total of eight 
changes of dialysite were perFormed. 
4.2.4. lb Results alld Discussion 
4.2.4.1 b(i) Dialysis of the Labelled ANA 
25 cm3 of the labell ed materia l was immersed in 400 cm3 of the dia lysi te (NaCI), which gave a 
s ixteen-fold dilution of the labelled material. Therefore, the concentration of HCHO in the solution 
should have been 1116 of the total concentration analysed in the original labe ll ing so lution. The 
dialysite was refreshed a total of seven times before the concentration of HCI-IO was below the 
lower limit of lhe HC HO detection method. 
Table 4.4: Comparison of the Measured and Theoretical HCHO Concentrations After Seven 
Refreshes of the Dialysite 
tH C HOl / mol dm-' 
Oialysile Analysed Measured Theoretical 
0 I. 18 x 10-3 1.18 x 10-3 
I 3.21 x 10-4 7.38x 10-5 
2 4 .90 x 10-5 4.6 1 x 10-6 
3 2.70 x 10-5 2.88 x 10-7 
4 2. 10 x 10-5 1.80 x 10-8 
5 I. 70 x 10-5 1.13 x 10-9 
6 2 .20 x 10-5 7.03 x 10-11 
7 1.50 x 10-5 4.40 x 10- 12 
Table 4.4 shows the concentration of HCHO measured in each dialysite, and the theoretical HCHO 
concentration based on a s ixteen-fo ld dilution after each change of the dialysite. Figure 4.5 is a 
graphical representation of these results. Whereas the real values do not match the theoretical 
va lues, the concentration of HCHO decreases sharply after the fir t dialysis, after which the 
decrease becomes less pronounced. 
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Dialysis of the labe lled AHA appears to successfully puri fy the label led material. After each 
subsequent change of the dialysite, the concentration of HCHO was decreased until HCHO was no 
longer detectable by the HCHO detection method, i.e. < 1-2 x 10" mol dm·' . 
Figure 4.5: Comparison of the Measured and Theoretical BCBO Concentrations After 
Seven Refreshes of the Dialysite 
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4.2.4. Jb(ii) Dialysis of ,he labelled BCJ-lA 
Dialysis of the labelled BC HA was performed using the same method as for the labell ed AHA. 30 
cm
3 
of the labelled materia l was dialysed in 400 cm3 of 0.05 mo l dnf3 NaC I. The dialysite was 
refreshed a tota l of nine times. Table 4.5 shows the HC/-IO concentration detected in the dialysite, 
and Figure 4.6 shows the decrease in HC HO after each subsequent dialys is compared to the 
theoretical decrease based on a 13.3x dilution (30 cm3 into 400 cm'). 
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Figure 4.5: Compal·ison of tbe Measured and Theoretical HCHO Concentrations Aft er Nine 
Refreshes of the Dialysite 
IHCHOI / mol dm-J 
Dialysitc Analyscd Measured Theoretica l 
0 1. 16 x 10-3 I. 16 x 10-3 
I 3.68x 10-4 8.66 x 10-5 
2 6.80 x 10-5 6.50 x 10-6 
3 4.50 x 10-5 4.87 x 10-7 
4 2.70 x 10-5 3.65 x 10-8 
5 1. 10 x 10-5 2.74 x 10-9 
6 3.40 x 10-5 2.06 x 10-10 
7 1.60 x 10-5 1.54 x 10-11 
8 2.20 x 10-5 1.16x1O-12 
9 1.00 x 10-5 8.67 x 10-14 
The same profi le for the decrease in HCHO concentration is evident as observed for the labelled 
AHA dialysis. The sharp decrease after th e first dialys is, and the smaller decrease after the second 
d ialysis show that a high percentage of the lInreacted HCHO is removed after tl,e first two dialyses. 
Figure 4.6: Comparison of tbe Measured and Theoretical HCHO Cnnccntrations After Nine 
Refreshes of the Dialysite 
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4.2.5 Conclusions 
Analysis of known concentrati ons of HCHO using the derivatisation method produced a linear 
response with increased HCHO concentrat ions . Therefore, a ll subsequent analysis of unknown 
HC HO concentrations in solut ion could be calc ulated using the Y- IIl.x+c line of best fit equation 
based on the absorbance of the derivatised standard solut ions at 575 nm. 
Labelling of the AHA us mg inacti ve HC HO and analysis o f the solution for free HCHO 
concentration resulted in a labelling yield o f 32 %, and a labe lling yield o f 42 % in the second 
experiment. Analysis of a contro l solution containing no humic material showed no decrease in 
HC HO concentrati on, indicati ng that the reaction occurring is contingent on the presence of humic 
material or, based on the theory of the chem ica l reaction (Figure 4. 1), the presence of any molecule 
with an amine group. 
Labelling of BCHA using inacti ve HC HO resulted in a labelling yield of 23 %, and a y ie ld of 22 % 
in the second experiment. 
Therefore, it can be concluded that the labelling of AHA and BC HA using inactive HC HO was 
successful. Corroboration of the stability of the label could not be attempted by conventional 
means such as inherent stability of the label through dialysi , pH variation, or sorption onto solid 
phases as, if the label were leaching off the humi c material it would not be as HC HO and would 
therefore be undetectable by the HCHO detection method. 
Further analysis into possible structures of the label if it detached from the hum ic mo lecule may 
have been possible using techniques such as gas chromatography coup led with mass spectrometry 
(GC-MS), or high performance liquid chromatography (HPLC), although this line if investigation 
was not pursued. 
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4.3 LAIlELLlNG US ING RAOIOACTlVE 14C-FORMALO ENVOE 
4.3.1 Experimental 
4.3.1.I Labelling of BCHA and AliA using 14C-formaldehyde 
The method used for the radiolabelling of AHA and BCHA was that used for the inactive HCHO 
labelling (Section 4.2). Two solutions were prepared for this process: the first was a 1000 mg dn'-' 
purified AHA solution, prepared by transferring 0.104 g of solid AHA into a 100 cm' volumetric 
nask and diluting it with - 50 cm' of 0.05 mol dn'-' NaCI, and sonicating for I hour after the 
addition of a few drops of concentrated NaOH to di sso lve the HA; the second solution was 150 
cm' of BCHA, prepared from 100 cm' of TROM 34 (TOC 2802.72 mg (C) dn'-' ) and 50 cm' 
TROM 33 (TOC 328 I . I I mg (C) dm" ) in a 250 cm' conica l nask with a ground glass neck, giving 
a Final TOC of2962. I 8 mg (C) dm-J 
4.3.1.2 Treatment of the 14C-Formaldehyde (H 14CHO) Solution 
The HI4CHO was bought from AEA Techno logy as a 128 ~I sample with a tota l radioactivity of 
370 MBq. Th is was transferred into a 10 cm' volumetric nask and washed out thoroughly with 
water. The nask therefore contained a so lution that had a specific radioactivity o f3 7 MBq cm·3. 
4.3.1.3 Preparation of the Labelling Solutions 
To the AHA so lution was added 0.127 g of aC BH, and 2_586 g of HEP ES. 2.5 cm' of the 
370 MBq H14CHO so lution was dispensed using a I cm' volumetric pipette and the solution was 
diluted to 100 cm' using 0.05 mo l dm" NaCl. The Final radioactivity of the AHA so lution was 92.5 
MBq (specific radioactivity = 0.925 MBq cm·3). 
To the BCHA solution was added 0.188 g of NaC BH" 3.9 10 g o f HEPES, and the final 
7.5 cm3 of the HI4C1-IO solution, wh ich was poured directly from the vo lumetric nask. The BCHA 
so lution therefore had a Final radioactivity of 277.5 MBq in the 150 cm' solution (speci fi c 
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radioactivity = 1.85 MBq cm-3). Both labe lling so lutions were left for approximate ly 3 days to 
react. 
4.3.1.4 Ana lysis of the Labelled AHA and BCHA 
100 mg dm-3 solutions of both labelling solutions were prepared for ana lysis by gel permeation 
chromatography (GPC). 2.5 cm3 of the labelled AHA ( 1000 mg dm-3) was transferred to a 25 cm3 
volumetric flask and diluted with 0.05 mol dm-3 NaC I. 0.84 cm3 of the labe lled BCHA (TOC 
2962. 18 mg dm-3) was transferred to a 25 cm3 volumetric flask and diluted with 0.05 mol dm·3 
NaCl. 
A ge l co lumn was prepared using Sephadex G-I 0 gel pre-swelled for approximate ly 24 hours in 
0.05 mol dm-3 NaCI. The final dimensions of the column were I cm x 25 cm. Injection of the 
samples onto the col umn was th rough a Rhcodyne Type 50 Sample Injection Teflon Rotary Valve. 
A Pharmacia P-3 Peristaltic pump fitted with a 2.1 mm s ilicon tube was used to elute the samples 
through the column at a flow rate of 0.25 cm3 per minute. A Whatman IFDTM in-line filter was 
fitted between the pump and the column to prevent air being introduced onto the column. The 
mobile phase used for elution was 0.05 mol dm·3 NaCI. 
The eluent from the column was ana lysed us ing a Cam-Spec UVNis spectrophotometer using an 
in-line silica fl ow ce ll , prior to fraction collection. A UV chromatogram at 254 nm was recorded 
by a plotter. The eluent was collected using a Pharmacia LKB.RediFrac fraction collector, and the 
individual samp les were collected in 4 cm3 anti-static polythene vials (Packard). The fraction 
co llector was set to collect eluent for I minute per vial, giv ing a total volume of 0.25 cm3 per vial. 
2 cm3 of Ecoscint liquid scintillation cocktail were added to each vial, and analysed by liqu id 
scintillation counting (LSC) for 5 minutes per sample on a Tri-Carb 2750 TRILL Liquid 
Scint illation Analyser. 
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The counting wi ndows were set as follows: 
• Region A had a lower limit of 0.0 keY, and an upper limit of 156 keY; and 
• Region B had a lower limit of 4 keY, and an upper limit of 156 keY. 
Two blank samples of 0.25 cm3 water in 2 c m3 of Ecosc int were prepared as instrument blanks. 
4.3.2 Results and Discuss ion 
4.3.2.1 Labelling of HCHA and AHA using "C-Formaldebyde 
Both the labelling so lutions of BC I-lA and A HA were subj ected to G PC to determine then extent of 
labelling. 
4.3.2.2 Analysis of the BCHA Labelling Solution byerC 
100 mg dm-3 solutions of the labelled BCHA (prepared by dilution of the labelled stock solution) 
were used to determine whether the labelling procedure was successful, and to detenlline the y ield 
of the radiolabelling. The solutions were analysed on a GPC co lumn at a now rate of 0.25 cm3 
mi n-', collecting 120 samples of 0.25 cm3 each over two hours. The n ow rate used and the number 
of samples to be collected were determined during two previous col umn experiments, which were 
performed on the BCHA. In the first experiment, the now rate was 0.5 cm3 min-I wit h 30 samples 
collected, each containing I cm3 of e luent. Usi ng these parameters, peak separation was poor 
givi ng low reso lution. The number of samples was therefore increased by co llecting 0.5 cm3 of the 
e luent per sample in an attempt to improve peak resolution. In the second experiment, the peak 
separation was more pronounced, but the reso lution was still poor, as can be seen from Figure 4.6. 
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Figure 4.6: Elution Profile of 100 Olg dOl" of the BCHA Labelling Solution - 0.5 cm' min" 
now rate,60 minute collection, 60 samples 
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Figure 4.6 shows that there are three definite fractions that have 14C radioactivity associated with 
them. The shoulder evident on the decl ine of the second peak in Figure 4.6 suggests that a founh 
fraction may be present, which is more resolved in Figure 4.7 when a slower flow rate is used (0.25 
cm' min") and more samples are co llected (120 samples). LSC measurements of the eluent from 
the GPC co lumn using the slower fl ow rate of 0.25 cm3 min·1 demonstrates that there are four 
definite fractions with C- 14 radioactivity associated with them. 
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Figure 4.7: Radioactivity Profile and UV Chromatogram of "C-BCHA - 0.25cm3 min·1 now 
rate, 120 minute collection, 120 samples 
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In add ition to the radioactivity pro file of the labelled BCHA, the UV chromatogram at 254 nm was 
recorded during elution and shown on Figure 4.7 is presented. The UV chromatogram corresponds 
to the first peak on the rad ioactivity profile, which has a retention time (RT) of - 24 minutes, and is 
most likely attributable to the humic acid fraction of the BCHA. The fou rth peak on the 
radioactivity elution profi le, which has the greatest retention time, corresponds to sma ll molecules. 
Sma ll molecules, such as formaldehyde, would be reta ined on the column as they wou ld penetrate 
the pores of the gel, and would therefore move through the column more slowly than large 
molecules, such as humic acid, which wou ld not be ab le to penetrate the ge l pores. The retention 
time of the last peak, which is approximately 52-53 minutes, is similar to the retention time of 
tritium (H-3), which was used to test the co lumn. There fore, the last peak is most like ly unreacted 
H"CHO remaining in the labelling solution. 
The second and third peaks, each with RT of 35 and 45 minutes, respectively, were not identified at 
this stage. It was hypothesised that the second and third peaks may be smaller fractions of the 
BCI-lA, poss ibly a smaller humic acid molecule, or fu lvic acid that has been labelled with 14C. The 
UV chromatogram shown in Figure 4.7 has on ly one peak, which has been attributed to the humic 
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fraction of the BCHA solution. Therefore, if the second and third peaks are smaller humic acid 
fraction s, or ful vic acid fractions, then they either are not detectable by UV or are weakly UV 
absorbing. 1 f the fractions are weakly UV absorbing, then the presence o f the strongly absorbing 
humic acid peak may swamp the signal of other, less absorbing chromophore-bearing molecules. 
4.3.2.3 Analysis of the A1IA Labelling Solution by GPC 
The same GPC technique was applied to the radiolabelled AHA using 100 mg dm·3 o f the solution 
at a fl ow rate of 0.25 cm3 min·' with 120 samples being collected over two hours. The UV 
chromatogram of the eluent was again recorded at 254 nm, and the results o f both the radioactivity 
ana lysis and the UV analys is are shown in Figure 4.8, below. 
Figure 4.8 implies that the labelling procedure did not label the largest, UV absorbing fraction of 
the AHA. The only evident peak on the UV chromatogram, which has a RT of - 24 minutes, 
corresponds to a small peak on the radioactivity profile . The results indicate that the hum ic 
fraction of the AI-IA was not successfull y labe ll ed to any great extent. The second and third peaks, 
as seen in the BCHA UV chromatogram, which have retention times of 35 and 45 minutes, 
respecti ve ly, are present, as is the unreacted H14CHO peak at RT - 52 minutes. 
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Figure 4.7: Radioactivity Profile and UV Chromatogram of 14C-AHA - 0.25cm3 min-' flow 
rate, 120 minutes, 120 samples 
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At this stage, from the ava ilable results, it appears that the labelling procedure successfully labelled 
the BCHA. The elution profi le of the labe lled BCI-lA indicates that there are poss ibly three organic 
fractions that have been labelled. The first fraction is strongly UV absorbing, and, as it has the 
hi ghest molecular weight of the BCl-lA, has been attributed to hum ic ac id . Some of the H14CHO 
has remained un reacted, and has been eluted last from the co lumn. 
The labelling of AI-I A appears to have been mostly unsuccessful in labelling the humic acid 
fraction. The two unknown peaks that were ev ident in the BCHA are present in the AI-lA, as is the 
unreacted H14CI-IO peak. 
The relative percentage (w/w) of nitrogen within AHA is approximately 0.4 % (compared to 3.6 % 
in BCI-IA), which may expla in why reductive methylation did not occur within the AI-lA molecules 
to any detectable degree. 
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4.3.3 Dia lysis 
4.3.3.1 Expcrimcntal 
-1.3.3.1 a First dialysis of the "C-BCHA 
30 cm of 500 MWCO dialys is membrane was washed with water and soaked for - 24 hours in 0.05 
mo l dm" NaCI. The membrane was washed a second time and one end of the membrane was 
sea led using a plastic Medi-cli p. 50 cm' (radioactivity o f 92 .5 MBq) of the labelled BCHA were 
transferred into the dialysis bag using a 50 cm' vo lumetric pipette. The top of the membrane bag 
was sealed using a second clip, and the bag was washed again with water. It was then immersed in 
I dm' of 0.05 mol dm" NaCI in a I dm' measuring cylinder. The solution was left to equili brate 
with the electrolyte for 3 days. 
I cm' of the dialysite (outside the dia lys is bag) was extracted using a I cm' syringe, and inj ected 
into the inj ection loop of the gel permeation ri g. TIle sample was eluted for 120 minutes at a now 
rate of 0.25 cm' min· l • The eluent was co ll ected using a fraction collector and analysed by LSC. 
250 cm' of the dialysite was retained for further analysis, and the rest was discarded to waste. The 
outside of the dia lysis bag was washed us ing water, as was the measuring cylinder. I dm' of fre sh 
0.05 mol dm" NaCI was poured into the measuring cylinder, and the bag was immersed in the fresh 
dialysite, and allowed to equilibrate for 2 days. The proced ure for ana lysis was repeated . 
The labelled BCHA was dialysed a total of 10 times before dialys is was stopped. Only the first 4 
dia lysi tes were analysed by gel permeation chromatography, as radioactivity was not detectab le in 
the e luent co llected a fter gel permeation. 
4.3.3.1b Secolld Dialysis of the Labelled BCHA , alld First Dialysis of the Labelled AHA 
A second dialys is experiment of the labelled BCHA was prepared along with a separate dialysis 
experime nt of the labelled AHA. 2 x 20 cm of 500 MWCO dialysis membrane were prepared as 
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before. To one of the dialysis membranes was transferred 25 cm' of the label led BCHA, and to the 
other was transferred 25 cm' labelled AHA. The membranes were sea led a nd immersed in separate 
measuring cylinders containing 500 cm' of 0.05 mol dm' NaCI. Analys is of the dialysite was 
performed as before for both samples. Only the first 4 samples were analysed by GPC. Both the 
BCHA and AI-IA were dialysed a further 9 times as for the first dia lysis experiment. 
4.3.3.2 Results and Discussion 
-I. 3. 3. 2a Firsl dialysis a/labelled BCHA 
The dialysis membrane used was 500 MWCO; therefore, no molecule with a molecular weight of 
greater than 500 g mo\" l should pass through the membrane. For molecules smal ler than 500 MW, 
the membrane would pose no physica l barrier and they wou ld free ly pass through into the dialys ite. 
Analysis of the first dialysite did not renect thi s theory, as can be seen in Figure 4.8. The large, 
humic fract ions, which would have a mo lecular weight of - 1 0,000 - 100,000 g mo\"l, appears to 
pass through the membrane as free ly as the 1-1 14CI-IO, which has a molecul ar we ight of30 g mo\" l. 
The e lution profile for the first dialysite has the same shape and peak distribution as the analysis of 
the whole labelling so lution (Figure 4.2), and therefore indicates the membrane had fai led in some 
way. 
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Figure 4.8: Elution Profile of the 1" Oialysite for the "C-BCHA - 0.25 cm3 min·1 flow rate, 
120 minutes, 120 samples 
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An overlay of the first di alysite e lution profil e and the 100 Illg dlll·3 e lution profile can be seen in 
Figure 4.9. 
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Figure 4.9: Comparison of Elution Profiles of 100 mg dOl·' I'C-BCHA and the 1st Oialysite-
0.25 cm' min·1 now rate, 120 minutes, 120 samples 
1.2£+05 
90E1{)4 
l1 
3.0E+04 
,~ 
~ 
O.OE+OO 
o 20 40 
~ 
--+- I SI Dwlys,tc 
~ 
. 4 
~ 
~ 
60 
Activity (cpm) 
--100 "'S dm·3 14C-BCHA 1 
I 
80 100 120 
Figure 4.9 clearly shows that the elution profi les of both the 100 mg dm-) BC HA sample and the 
first dialysite are a lmost idcntical in peak di stribution and radioactivity associated wi th those peaks. 
50 cm) of the labelled material was immersed in 1000 cm) of dialysite; there fore, the contents of 
the membrane would have be diluted 20 times. If the bag was not present and 50 cm3 of the 
labell ing solution was diluted 20 times, the final BCHA concentration would be 14 8. 1 mg dm-), 
based on a twenty-fold dilution of 2962.2 mg dm-), which was the ori gi nal TOC concentration of 
the BCHA used for labelling (Section 4.3 . 1). Therefore, if the membrane had ruptured, there 
would be a greater BCHA concentration in the dialysite. The low BCHA concentratio n of - 100 mg 
dm-) indicates that the membrane has fa iled in some way, but the ava ilable data does not suggest 
total failure. After the first dialysis, - 1000 mg dm-) of the tota l 2962.2 mg dm-3 remained in the 
dialys is bag. 
Ana lysis of the second dialysite, as s hown in Figure 4. 10, shows further penetration through the 
me mbrane of the larger molecules, but not to the same extent as for the initial dialys is. 
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Figure 4.10: Elution profile of the 2nd dialysite of the "C-BCHA - 0.25 cm' min·' now rate, 
120 minutes, 120 samples 
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Figure 4. 10 demonstrates that the larger mo lecules continue to penetrate the membrane, but to a 
smaller extent than fo r the ana lysis of the first dialysi te. The largest proportion of radioacti vity is 
associated with the last peak, which is the free H 14CHO. 
Ana lys is o f the third and fourth dialysites show minute amounts of the remaining larger molecules 
passing through the membrane, and the peak attributed to the free H I<1C HO vanishes completely. 
Figure 4.11 shows an overlay of the analys is of the first four d ialysites by GPC and LSC, and 
demonstrates that only the first dialysite shows significant loss oflhe labelled material. 
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Figure 4.11: Overlay of the Elution Profiles of the First Four Dialysites 
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As well as d ialysis being a useful technique for purifYing so lutions in order to remove unreacted 
reagents. Dialysis can also be used to test the inherent stabi lity of a radio labe l by observing 
whether rad ioactivity i passing through the dia lysis membrane into the dia lysite. Figure 4.12 
illustrates the cumulative radioactivity in ten dialysi te solutions compared to the theoretical 
radioact ivity associated with the labelled sol ut ions withi n the d ialys is membrane. 
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Figure 4.12: Comparison of the Cumulative Radioactivi ty Released by Dialysis and the Total 
Radioactivity Associated with the Labelled "C-BCHA 
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Figure 4.12 establishes that of the 92.5 MBq total radioactivity added to the dialysis membrane as 
50 cm3 of the tota l labelling solution, 69. 1 MBq was lost during dialysis, leaving 23.4 MBq 
associated with the BCI-IA remaining inside the membrane. 
A number of reasons for the amount of BCI-IA that escaped from the dialys is membrane were 
considered: failure of the membrane could be attributed to incorrect sea ling of the top or bottom of 
the membrane; the membrane fa ilure could be due the reagents contained in the labe lling solution; 
the labelling procedure fractures the humic material, creating smaller fractions that can pass 
through the membrane. 
4.3.3.2b Second Dialysis of the Labelled BCHA, and First Dialysis of the Labelled AHA 
Preparation of the second dialysis would answer the questions concerning, firstly, whether the 
fa ilure of the membrane was due to incorrect sealing of the membrane clips, and secondly, whether 
the reagents are causing the membrane to fa il. Figure 4.13 shows a compari son of the analys is of 
100 mg dm-3 labelled BCI-IA and the first dia lys ite of Ule second dialys is. 
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Figure 4_13 - Comparison of the elution profiles of the I" dialysite of the second dialysis 
experiment and 100 mg dm-) "C-BCHA 
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Figure 4. 13 clearly shows that the partial fa ilure of membrane seen for the first dialysis has 
occurred in the second dialysis. The distribut ion and height of the peaks are almost identica l, 
which would give the dialysi te a BC HA concentration of - 100 mg dm-); therefore, the results are 
s imilar to that observed from the fi rst dialysis. Further results obta ined for the subseq uent dialysite 
analysis during the first dialysis are similar to the second dialysis. The same brown colouration of 
the dia lys ite was seen as in the first dialysis. 
As for the labelled BCHA, analysis of the first dialysite of the labelled AHA is comparable to the 
results of the analysis of 100 mg dm-] of the labelled AHA before dia lysis (F igure 4.14). As with 
the BCHA dialyses, the I " dialysite was brown in colour. 
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Figure 4.14: Comparison of the Elution Profiles of 100 mg dOl·' AHA, the I" dialysite, and 
the UV Chromatogram Taken During Elution at 254 nm 
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Figure 4 .1 4 demonstrates the same fai lure in the membrane seen for the BC HA dialys is 
experiments. The peaks for the dialys ite analysis are - 25 % o f the peak heights for the 100 mg dm· 
, AHA ana lys is. The tota l vo lume and concentration of AHA in the membrane was 25 cm' o f 1000 
mg dm·' , which was immersed in 500 cm' of dialys ite. Therefore, the concentration of AI·IA in the 
dialysite would be - 250 mg d nf3 . The UV chromatogram was the same for both elutions, and the 
spectrum taken during the 100 mg dm·3 analysis is included in Figure 4.14. 
The brown discolouration of the first dialys is was observed in all subsequent dialyses for both the 
AHA and BCHA. The first dia lysite was a strong ye llow-brown colour in all cases, with decreased 
colouration after subsequent dialyses. 
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4.3.4 Test of Dialysis Membrane Integrity 
4.3.4.1 Experimental 
New, fresh ly opened ce llulose membrane was treated as before and 10 cm' of the labelled BC HA 
was transferred into the membrane using volumetric pipette. The bag was immersed in 300 cm' of 
0.05 mo l dm-' NaC I and allowed to equilibrate. A second dialys is experiment was prepared at the 
same time using only BCHA with no other reagents present. This was treated as before and 
allowed to dialyse in 300 cm' of 0.05 mol dm-' NaC I. 
A third dialys is experiment was prepared us ing 10 cm' o f - 3000 mg dn'-' of AHA in 0.05 mol dm-' 
NaC I. The so lution was transferred to a third dialys is membrane and immersed in 
300 cm' of 0.05 mol dn'-' NaCI. Both solutions were le ft for - 60 hours to eq uilibrate. 
The concentrations of the labelled and unla belled so lutions in equil ibrium inside and outside the 
dialysis membrane were compared before and after dialys is to ascerta in the integrity of the 
membrane in entrapping the AHA and BCHA. This was performed by measuring the UV 
absorbance of samples at 254 nm. 
4.3.4.2 Results and Discussion 
The AI-lA solution showed no failure of the membrane, and no di scolouration of the dialysite was 
seen. UV analysis at 254 nm of the dialysite, as compared to a blank of 0.05 mol dn'-' aC I, 
demonstrated no increased absorbance. 
The dia lysis of the BC HA did show di scolouration of the dialys ite. Analys is of the dialys ite 
established that - 1300 mg dm-' of the - 3000 mg dm-' added had passed through the membrane. 
Analysis of the label led BCHA first dialysite resulted in a BCHA concentrati on of - 1900 mg dm-'-
Using the total organic content of the origina l solutions, which was 328 1.11 mg dm-' for TROM 
33, and 2962.18 mg dn'-' for the BCJ-JA used fo r the label ling so lution, the relative percentage of 
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BC HA that passed through the membrane was 32 % and 64 %, respectively. It was antic ipated that 
a sma ll fraction of the BCHA would pass through the membrane, as it will contain small organic 
fract ions. The amount of BCHA that transfe rs to the dialysite is greatly increased when the BCI-IA 
is in the presence of the labelling solution reagents. It is thought that the presence of sodium 
cyanoborohydride, which is a strong reducing agenl, could be compromising the cellulose 
membrane. 
4.3.5 Experiments into Peak Identification orthe "C-BCHA Solution 
During the initial stages of the development of the labelling experiment, it was thought that only 
two peaks wou ld be present in the elution profi le of the so lution, that of the labelled BCHA and the 
unreacted 1-1 14CHO. After analysis of the solution by GPC and LSC, four peaks were detected. 
The first peak was attributed to the largest organic fraction of the BCI-IA, humic acid, and was 
verified by UV analys is of the so lution as it was be ing eluted (Figure 4 .7, Section 4.3.2.2). The UV 
chromatogram recorded at 254 nm corresponded to the elution time of the first rad ioactivity peak in 
all cases. The last peak was attributed to unreacted 1-1 14CI-I0 remaining in solution, and 
corresponded to the same retention time as tritium, which was introduced o nto the column as a 
conservative tracer. The two middle peaks with retention times of approximately 35 and 45 
minutes, respectively, were not identified . 
The following experiments were performed in an attempt to confirm the identity of the two 
' named ' peaks, and to identi fy the two middle peaks. 
4.3.5.1 Experimental 
4.3.5. 1 a Precipitation of the Humic Acid Fraction./i"om "C-BCNA 
One 2 cm' a liquot of the labelled BCHA was transferred into a Nalgene centrifuge tube, along with 
8 cm' of I mol dm" HCI. The tubes were sea led and shaken and a ll owed to stand for - 2 hours to 
allow the humic acid fract ion of the BCHA to precipitate out. The solution was centrifuged for 2 
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ho urs at 5500 rpm on a Hettich Zentrifugen EBA 30 centrifuge. 0.5 cm' of the supernatant was 
injected onto the GPC column. The remaining supernatant was decanted off. The precipitate was 
washed with water, centrifuged and the water was decanted off. The precipitate was re-disso lved 
in 10 cm' of 0.1 mol dm-' aOI-l . I cm' of the dissolved humic ac id was diluted to 25 cm' using 
0.05 mol dm" NaC I in a 25 cm' vo lumetric fl ask. I cm' o f the solution was inj ected onto the GPC 
co lumn and ana lysed as before. 
4.3.5.1 b Conracting the Supernatal1l after Acid Precipitation of the Labelled Humic Acid IVith 
Anion Exchange Resin 
It was hypothes ised that the second peak in the 14C-BCHA radioacti vity profile (Figure 4.7) could 
be attributed to fulvic acid. Contacting the supernatant with anion exchange resin would 
preferentially extract the fulvic ac id fro m so lut ion after the humic ac id had been removed by 
precipitation. 
The supernatant obtai ned after prec ipitat ion of the labelled BCHA with HCI was placed in contact 
with anion exchange resin . Dowex I x8-50 anion exchange resin in its chloride form was pre-
washed with water using vacuum fi ltration through a 0.45 ~m Whatman Cellulose N itrate 
me mbrane fi lter unti l the fil trate ran clear. 2.50 16 g of the a ir-dried resi n was weighed directly into 
a a lgene centrifuge tube. 5 cm' of the supernatant were added to the resin us ing a 5 cm' 
volumetric pipette. The solution was shaken and remained in contact with the resin for - 2 hours . 
0.5 cm' of the supernatant were extracted and injected onto the GPC column, and the eluent 
analysed by LSC. 
4.3.4.2 Results a nd Discussion 
4.3.4.2a Precipitation of the Humic Acidft"Olnthe 14C-BCfiA 
The labelling solution was treated with acid in order to preci pitate the hum ic acid from so lut ion . 
After precipitation, a slight yellow-brown colour rema ined in solution. Figure 4 .1 5 shows a 
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comparison between the supernatant elution profile and the elution profi le of 100 mg dm,3 who le, 
non-precipitated "C-BCHA. 
Figure 4.15: Comparison of tbe Elution Profiles of the Whole "C-BCHA and tbe 
Supernatant of the Precipitated "C-BCHA Sample 
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Figure 4 .1 5 clearly shows that the first peak, which was attributed to the humic acid fraction of the 
BC/'IA, is not present in an apprec iab le amount, therefore confirming its identity as being the large, 
humic acid fract ion of the BCHA. The second two peaks appear to be reduced by the addition of 
the acid, but are not removed complete ly. By comparing the peak heights of the un reacted 
H14C HO (fourth peak) for both solutions (which will not have been affected by th e add ition of 
acid), the graph shows that the relat ive peak heights of the second and third peaks have been 
reduced; thereFore, the second and third peaks cou ld be attributed to smaller fractions of organic 
matter present in the BCHA. The radioactivity of the supernatant, taking in cons ideration the 
di lution factors, is calculated to be 13 5 kBq cm'3. 
Analysis of the redissolved humic acid precipitate (Figure 4.18) shows that there is radioactivity 
associated with the humic acid fraction of the BCHA. Elution of the re-di ssolved precipita te by 
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G PC and analys is of the eluent by LSe, and also taking into account appropriate dilution factors, 
gives a fina l radioactivity of 164.9 kBq cm·) (specific radioactivity ~ 9.7 MBq gO' ) associated with 
the humic acid fraction of the BCHA. 
F igure 4.16: Comparison of E lution P rofiles of the W hole "C-BCHA and the Re-dissolved 
Humic Acid Precipita te 
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Figure 4.16 also shows that the second and thi rd peak remai n in some small qua ntity after acid 
precipitation, g iving more supporting ev idence to the presence of smaller organic fractions. These 
fractions are not as susceptib le to acid precipitation as the humic acid fraction , which may indicate 
fu lvic acid. 
4.3.4.2b Contacting the Supernatalll after Acid Precipitation of the Labelled Humic Acid with 
Anion Exchange Resin 
It was hypothesised that one of the two midd le peaks could be attributed to fulv ic acid, and would 
explain the slight yellow-brown colouration seen in the supernatant after precipitation of the humic 
acid. Therefore, the supernatant was placed in contact with anion exchange resin, which would 
remove any fu Ivic acid fTom solution. Figure 4. 17 shows a comparison of the supernatant so lution 
before and after contact with the resin. 
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The di fference in peak position is due to experimenta l error, and has been amibuted to a slightly 
slower fl ow rate being used, which has resulted in slight peak broaden ing and displacement. 
Figure 4.17 shows that contacting the supernatant with anion exchange resin has had little effect on 
the compos ition of the supernatan t. A slight decrease in the fi rst two ma in peaks is ev ident, as well 
as a la rger decrease in the H14CHO peak. The decrease in the H14CHO peak was not anticipated. 
There is no major decrease in e ither of the first two mai n peaks, and therefore, ne ither can be 
attributed to ful vic acid present in the BCHA. 
Fig ure 4.17: Comparison of Elution Profiles of the I4C-BCHA+Acid Supernatant Before and 
Aft er Contact with Anion Exchangc Resin 
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4.3.6 Purification of the Radiola bclled BC HA 
Two samples of the 14C labelled BCHA were purifi ed us ing acid precipitation of the hu mic acid 
fraction of the labelled material. The first was to be retai ned at Loughborough University fo r USe in 
di ffusion experiments (Chapter 5), and the second sample was sent to SCK-CEN, Mol, Belgium for 
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use 111 both ill-situ experiments III the underground HADES laboratOlY and laboratory-based 
diffusion experiments. 
4.3.6.1 Experimenta l 
4.3.6.1 a Loughborough Sample 
A 10 cm3 aliquot of the I'C-BCI-IA was tran ferred into a Nalgene centrifuge tube, to which was 
added I cm3 of 0. 1 mol dm-3 AnalaR HC I. The samp le was shaken, the pH measured (pH 1.3), and 
then left for - 24 hours. The sample was centrifuged for 30 minutes at 4500 rpm and the 
supematant was decanted into a glass scintillation vial. A further 10 cm3 aliquot of NanoPure 
water was added to the precipitate to wash it, the sample was centrifuged and the supernatant 
decanted a second time. A final 5 cm3 aliquot of anoPure water was added to the precipitate and 
20 drops of 0.1 mo l dm-3 NaOH (Fisher, Specified) was added unti l all of the prec ipitate had 
dissolved. The total radioactivity of the sample was ana lysed by counting a diluted sample of 150 
III in 10 cm3 (66.7x dilution) for 10 minutes using LSC. 100 III of the final solution was di luted to 
100 cm3 us ing NanoPure water and the UV absorbance of the solution was measured at 254 nm. 
The fina l TOC (total organic carbon) concentration o f the BCHA was ascertained us ing a pre-
prepared ca libration graph. A second solution was prepared from the stock by diluting 150 ~Li of 
the BCHA solution in 10 cm3 o f NanoPure water and injected onto a GPC column, as described 
above, and the e luent analysed by LSC. 
4.3.5. 1b SCK-CEN Sample 
The sample to be sent to SCK-CEN was prepared using a s imilar method to that described above. 
A 2 cm3 aliquot of 0.1 mol dnf3 HCI was added to 25 cm3 of the la belled BCHA (pH 1.6), and the 
sample was left for - 24 hours. The so lution was centrifuged for 30 minutes at 4500 rpm and the 
supematant decanted. The precipitate was washed as before. A 5 cm3 aliq uot of anoPure water 
was added to the precipitate and 40 drops of 0.1 mo l dlll-3 NaO H were added to the solution to 
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disso lve the precipitate . The fina l pH of the sample was pH 5.8. Two solutions were prepared to 
analyse the sample: for the fi rst, 1001-'1 of the solution were di luted to 100 cm' ( I OOOx di lution) for 
UY ana lys is at 254 nm to ascertain the TOC concentration of the so lution, for the second, 100 ftl 
was diluted to 25 cm' (250x diluti on) for analysis by GPC. The total radioactivity of the sample 
was ana lysed by counting the 250x dilution sa mple for 10 minutes by LSC. 
4.3.5.2 Res ul ts and Discussion 
After puri fication of the BCHA in both the samples prepared, the TOC concentration wi ll no longer 
be known. Therefore, a ca libration graph (Figure 4.18) was used to determine the final 
concentration. 
Figure 4.18: Calibration G raph for the S pectral Analysis of "C-BCHA at 254 nOl 
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Analysis of purified samp le by GPC shows that there is only one radioactivity peak, compared to 
the four peaks in the ana lysis of the whole BCHA sample (Figure 4. 19). 
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Figure 4.19: Comparison of Wbole "C-BCHA and Purified 14C_BCHA (Lougbborough 
sample) 
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The elution profile of the re-dissolved, purified ''C-BCHA (red line on Figure 4.19) shows only 
one peak with a relatively low retention time. A low retention time denotes a large molecule, as is 
usual in size exclusion chromatography, whilst the smaller molecules will have greater retention 
times. The peak of the re-dissolved, purified 14C-BCHA corresponds with the flTst peak of the 
elution profile of the whole 14C-BCHA (black line), which has been shown to be the humic acid 
fraction of the BCHA. 
A UV chromatogram was recorded at 254 nm during the elution of the re-dissolved, purified "C-
BCHA, and is overlaid with the elution profile of the re-dissolved, purified "C-BCHA in Figure 
4.20. 
, 
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Figure 4.20: Comparison of Elu tion Profile of the Re-dissolved, Purified "C-BCHA 
Radioactivity to the UV Chromatogram (Lougbborougb sample) 
~ 
E 
Co 
" ~ 
.f' 
.~ 
;:; 
..: 
25000.0 
20000.0 
[5000.0 
10000.0 
5000.0 
l -- Activity 
-- UV chrolllalogr;:un 
8 15 22 29 36 43 50 57 64 71 78 85 92 99 106113 120 
T ime (min) 
70 
60 
50 
40 
30 
20 
E 
.5.-
:~ 
= :> 
t' 
" ~ 
-:c 
~ 
..: 
.: 
.; 
~ 
10 ..: 
Figure 4.20 shows direct correlation between the rad ioactivity peak and the UV chromatogram, 
which demonstrates that the humic acid fraction of the BCHA has been successfully separated by 
acid prec ipitation. 
UV analysis of the sample (I OOOx dilution) at 254 nm, and comparison to the calibration graph in 
Figure 4.19 gives a TOC concentration of 2574 mg (C) dm" . The TOC was calculated using the 
line of best fit equation in Figure 4 .18. 
Analys is of the 66.7x diluted sample to detenll ine the total radioactivity of the solution yielded a 
specific radioactivity of 355.7 kBq cm". The total volume of the solution was 7 cm' , therefore 
giving a total radioactivity of2.5 MBq. 
4.3.5.2b SCK-CEN Sample 
The sample to be sent to SCK-CEN was analysed using the same methods as the Loughborough 
sample. Figure 4.21 shows the comparison between the impure 14C-BCHA and the re-di sso lved, 
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purified 14C-BCHA, in which the most reta ined fract ion of the whole 14C-BCHA corresponds to the 
only peak seen in the re-dissolved precipitate sample, which is known to be the humic acid fraction. 
As with the Loughborough sample, Figure 4.20 shows direct correlation between the radioactivity 
peak and the UV chromatogram, which demonstrates that the humic acid fraction of the BCHA has 
been successfully separated by acid precipitati on. 
Figure 4.21 : Comparison of Whole 14C_BCHA and Purified 14C_BCHA (Loughborough 
sample) 
1.2E+1J.I 1.2E+05 
-- Rc·dissol\'Cd 14C·OCI'IA 
~ 
--Whole 14C·1) 'HA E ~ 
Q. 1.0E+04 1.0E+05 e 
'" 
Q. 
~ 
'" c. ~
: 8.0E+03 8.0E+04 <: :I: 
.. U ,. Cl> 
"0 
" 
~ 6.0E+OJ 6.0E+04 .~ "0
"" 
.c 
J, ~ 
~ f\ ... ... 4.0E+03 ~ 4.0E+04 0 0 .f' .f' . ~ .~ 2.0E+03 2.0E+04 ;:; ;:; <: <: O.OE+OO O.OE+OO 
I 8 15 22 29 36 43 50 57 64 71 78 85 92 99 106 11 3120 
Time (min) 
178 
Section 4.3 Labelling using Radioactive 14C-Fonnaldehyde 
Figure 4.22: Comparison of Elution Profile of the Re-dissolved, Purified "C-BCHA 
Radioactivity to tbe UV Cbromatogram (Lougbborougb sample) 
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Analysis of the sample by UVNis at 254 om (IOOOx dilution), and comparison to the calibration 
graph in Figure 4.22 gives a TOC concentration of 5316 mg (C) dm·3• The TOC was calculated 
from the line of best fit equation from Figure 4.18. 
Analysis of the 250x diluted sample to detennine the total radioactivity of the solution yielded a 
specific radioactivity of 642.2 kHq cm·3• The total volume of the solution was 7.75cm3, therefore 
giving a total radioactivity of 5.0 M8q. 
4.3.7 Stability Testing of tbe 14C Label 
The stability of the label was tested using two techn iques: contacting the I4C-8CHA with various 
solid phases and altering the pH of the labelled solution. Contacting the labelled solution with 
solid pbases would promote competition for the binding sites within the humic molecule. 
Therefore, if the label is weakly bound, the humic molecule may preferentially release the 
radiolabel to bind to the solid phase. Adjusting the pH assesses the stability of the label in alkaline 
and acidic environments. 
179 
Section 4.3 Labelling using Radioactive 14C-Formaldehyde 
4.3.7. 1 Ex perimental 
4.3.7. l a Contacting with solid phases 
A 100 mg (C) dm·3 sol ution of purified 14C-BCHA was prepared by diluting 1.94 cm3 of 
2574 mg (C) dm·3 14C-BCHA to 50 cm3 using 0.05 mol dm·' NaCI. 0. 1 g of each of the follow ing 
minerals were weighed in duplicate into glass sc inti llation vials: 
• Sand; 
• Precipitated silica; 
• Montmorillonite; 
• Kaoli ni te; and 
• Boom clay 
A 2 cm3 al iquot of the 100 mg (C) dm·3 14C-BCHA solution was added to each solid . In the case of 
the Boom c lay, this was performed in the g love box to limit oxidation of the clay. Two contro l 
samples where no mineral was present in the glass scintillation vials were also prepared. The 
samples were sealed and left to equ ilibrate fo r two weeks. In the case if the Boom c lay sam ples, 
these were stored in the glove box to avoid oxidat ion of the clay. After eq uilibration, I cm' of each 
sample was injected onto a OPC column through a 0.45 ~m syringe filter to remove so lid part icles. 
The samples were eluted at a now rate of 0.25 cm' min·' for 120 minutes and analysed by LSe. 
4.3.7.1 b Adjusting the pH 
A 2 cm3 aliquot of the purified 100 mg (C) dm·3 14C-BCHA (pH 7.8), was transferred into fi ve 
separate glass vials. The pH o f the samples were adjusted to pH val ues of approximately 4,6, 7, 8, 
and 10 using 0.0 I mol dm·3 HCI or NaOH and left to stand for two weeks. The fina l pH values 
recorded were: 
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• pH 4.4; 
• pH 6.1; 
• pH 7.4; 
• pH 8.2; and 
• pH 10.0. 
After equilibration, the samples were transferred to 10 cm' volumetric flasks and diluted using 
NanoPure water to ensure the volume of all samples were the same. A control sample was 
prepared by diluting the 2 cm' sample to 10 cm'. I cm' of each sample was transferred to a 
centrifuge tube along with 5 cm' of 0.5 mol dm" HCI and centrifuged to remove the precipitate. 
cm' of the supematants were analysed for radioactivity by LSC. 
4.3.7.2 Results and Discussion 
4.3.7.2a Contacting with solid phases 
Contacting the BCHA with the various solid phases showed that, in all cases, sorption of the 
BCHA onto the solids in all cases, although the degree of sorption onto the solid phase varied for 
each solid. Analyses of the different solutions yielded no apparent increase in radioactivity within 
the supematants. This provides evidence that the radiolabel is fully bound to the humic molecules, 
rather than weakly sorbed. If weak sorption was occurring, competition for binding sites with the 
solid phases may have facilitated the release of the radiolabel back into solution. 
Contact of the radiolabelled humic acid with the solid phases showed no evidence of molecular 
cleavage. One peak was observed in the UV chromatogram taken during elution in all cases. If the 
humic molecule had been cleaved through contact with any of the solid phases, further peaks would 
be evident in both the UV chromatogram and the radioactivity profile. 
The degree of sorption of the 14C_BCHA to each mineral varied. Using an elution profile for the 
100 mg (C) dm-' sample of 14C-BCHA that had not been contacted with any solid, the peak height 
for the UV chromatogram can be used to assess the degree of sorption of the 14C_BCHA to the 
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mineral. The degree of sorption to each solid is expressed as a percentage for each solid in the 
fo llowing pages. 
Figures 4.23 to 4.3 7 show, fi rstly, a compari sons between the radioactivity and the UV 
chromatogram of the e luted supematants above the so lid phase. Secondly, plots have been 
inc luded that focus on the ta il end of the main peak in order to verify that no smaller radioactiv ity 
peaks are evident. 
Sand: 
Figu re 4.23: Comparison of Radioactivi ty Profile and UV Chromatogram for 14C-BCHA 
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Figure 4.24: Radioactivity Profile of "C-BCHA Contacted with Sand (0-2000 cpm on the x-
axis) 
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Figure 4.23 demonstrates that the radioactivity profile matches the UV chromatogram, confirming 
that the radioactivity remains assoc iated with the humic acid. Figure 4.24 shows that there is no 
additional radioactivity peaks present in the tail of the main radioactivity peak, suggesting that the 
radioactivity remains associated with the humic acid and indicating the radiolabel is not weakly 
sorbed to the humic acid molecule, but is bound fully . 
Percentage of sorption to Sand = II %. 
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Silica: 
Figure 4.25: Comparison of Radioactivity Proftle and UV Chromatogram for "C-BCHA 
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Figure 4.26: Radioactivity Profile of "C-BCHA Contacted with Silica «()"2000 cpm on the x-
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Figure 4.25 again demonstrates that the rad ioactivity is associated with the humic acid. Figure 4.26 
shows a s light radioactivity spike on the tail of the main peak at RT -60 minutes. This may 
indicate that contact with silica has either caused the re lease of radioactivity from the hu mic 
mo lecule, or a small fraction of the humic molecule been cleaved off. 
Percentage of sorption to Sil ica = 2.4%. 
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MontmoriUonite: 
Figure 4.27: Comparison of Radioactivity Profile and UV Chromatogram for "C-BCHA 
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Figure 4.28: Radioactivity Profile of 14C_BCHA Contacted with Montmorillonite (0-250 cpm 
on the x-axis) 
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The 14C-BCHA was a lmost tota lly sorbed to the montmori 1I0ni te (96.9% compared to the contro l), 
and as such the scales of the x-axis for both Figures 4.27 and 4.28 are much lower than the 
previous figures. Figu re 4 .28 demonstrates that there is no addit ional rad ioactivity peak on the tail 
of the main peak, again indicating no radioactivity was released during sorption of the humic 
molecules to the so lid phase. 
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Kaoli nitc: 
Figure 4.29: Comparison of Radioactivity Profile and UV Chromatogram for "C-BCHA 
Contacted with Kaolinite 
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Figure 4.30: Rad ioactivity Profile of "C-BCHA Contacted with Kaolinite (0-1000 cpm on the 
x-axis) 
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Figure 4.29 again demonstrates that the rad ioactiv ity is associated wi th the humic ac id. Figure 4.30 
shows there is no additional radioactivity peak eluted from the column. 
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Percentage of sorption to Kaolinite = 17.2 %. 
Boom Clay: 
Figure 4.31: Comparison of Radioactivity Prome and UV Cbromatogram for 14C-BCHA 
Contacted witb Boom Clay 
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Figure 4.32: Radioactivity Profile of 14C-BCHA Contacted witb Boom Clay (0-1000 cpm on 
tbe I-axis) 
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Again, Figure 4.31 shows that contact with Boom clay shows no sign ificant add itional radioactivity 
peak. Figure 4.32 shows there is a small shoulder evident on the decline of the main peak, but the 
amount of rad ioactivity is negl igib le compared to the total radioactivity associated with the humic 
ac id. 
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4.3.7.26 Adjusting the pH 
The pH of the purified 14C_BCHA was adjusted in order to detennine the stability of the radiolabel 
in both alkaline and acidic conditions. The pH of Mol ground water is pH - 8.2, and therefore the 
stability of the label at this pH is of most concern. Analysis of the stability of the label at more 
alkaline or acidic conditions provides further evidence to the stability of the label. 
Table 4.6 shows the results of the analysis of the supematant of the solutions. The radioactivity 
measured in the control supernatant has been subtracted from the supernatants of each sample. In 
the case of the pH 4.4 and pH 6.1 samples the radioactivity in the sample supernatant is less than 
the radioactivity in the control supernatant. 
Table 4.6: Radioactivity Present in Sample Supematants after varying pH values compared 
to the Radioactivity in the Control Supernatant 
Radioactivity iD Sample Radioactivity-pH Control Radioactivity Superoatant (8q) (8q) 
Control 372.7 -
4.4 368.7 -4 .00 
6.1 369.5 -3 .20 
7.4 378.0 5.32 
8.2 380.8 8. 11 
10.0 373.5 0.83 
Whereas the radioactivity in the supematant of the pH 8.2 sample is 8.1 Bq higher than the 
radioactivity in the control sample, the pH 4.4 sample is 4.0 Bq lower than the control radioactivity. 
As there is no marked increase in radioactivity within the supernatants when compared to the 
control sample, and in some cases the radioactivity is less than the supernatants, the results suggest 
the radiolabel is not susceptible to pH variation. The radioactivity present within all samples can 
be attributed to the incomplete removal of all un reacted I4C, most likely as H"CHO, during the 
purification process. 
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4.3.8 Conclusions 
4.3.8. 1 RadiolabeUing of BCUA and AHA using I·C-Formaldehyde 
The process of radiolabel ling Boom Clay humic acid using "C-formaldehyde was successful using 
the reductive methylation method. Elution of the labelled solution through a OPC column and 
analysis of the eluent by LSC proved that the radiolabel had been successfully incorporated into the 
hum ic molecu le. UV analysis of the eluent as it moved through the column confirmed that the 
humic acid fraction of the BCHA had been radio labelled . 
Interpretation of the LSC results from the eluent samples failed to identi ty the middle two peaks 
present in the radiolabelling sol ution. The peaks may be attri butable to sma ller organ ic fractions 
that have been radiolabelled, such as fulvic acid, or H"CHO that has polymerised into relatively 
high molecular weight molecu les. No fina l conclusions as the to identity of the midd le two peaks 
of the radioactivity profile of the radiolabelling solution can be drawn. 
The humic acid fraction of the AHA did not appear to have been labelled by the active H14CHO, 
giving a very sma ll peak after elution from the gel column. The reason for the lack of 
radiolabelli ng of AHA has been attributed to the lower nitrogen content present in AHA (0.4 %) as 
compared to BCHA (3.6 %). The position of the UV chromatogram from the elution of the AHA 
labelling sol ution corresponded with the small peak, denoting that a small fraction of the humic 
acid has been labelled. The same two peaks that were present within the BCHA labelling solution 
after the humic acid peak were also present in the AHA label ling solution . If smaller organ ic 
molecules were present, the reductive methylation process may have favourably occurred within 
these molecules rather than the large, humic mo lecu le, perhaps due to more accessible amine 
groups. The additional two peaks within the AHA labelling solution also suggests that the theory 
of H"CHO polymerising to form large molecules may a lso be possible. 
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Dia lysis of the I4C·BCHA demonstrated that a substant ial amount of the humic acid fractio n of the 
BCHA escaped from the dialysis membrane into the dialysi te. Extended dialysis of the labelled 
BCHA (over two weeks) demonstrated that about 10 % of the tota l BCHA concentration was 
retained in the membrane. Dialysis did successfully remove un reacted HI4CHO from the solution, 
thus purifYing what remained of the I4C·BC HA, although so much of the humic ac id fraction of the 
BCHA was lost during the dialysis, the remaining solution was unusable. 
Subsequent experiments to determ ine the reason for why the large, humic ac id molecules were able 
to pass through the 500 MWCO membrane lead to the hypothesis that the structure of the bag was 
being comprom ised by the reagents in the labe lling so lution, possib ly causing pore swelling of the 
membrane, or more damaging effects. The failure of the dialysis membrane was not fu lly explored 
as a di fferent method for purifYing the labelling so lution to remove unreacted reagents was utilised. 
4.3.7.2 Purification of tbe Labelled BCHA 
Ana lys is of both the sample prepared to be used at Loughborough and the sample prepared to be 
transferred to SCK·CEN, Mol, Belgium, showed that only one radioactivity peak was present in the 
samples. The radioactivity corresponded to the UV ch romatogram taken of the sample as it was 
eluted from the column confirming that the humic acid fraction of the BCHA had been successfully 
rad iolabelled. 
4.3.7.3 Stability Testing oftbe Purified BCRA 
4.3.7.3a Con/acting with Solid Phases 
Contacting the purified 14C·BCHA with sand, silica, montmorillonite, kaolinite and Boom clay 
showed sorption of 14C·BCHA to varying degrees onto the solid. T he sorption did not resu lt in the 
release of a significant amount of radioactivity from the "C· BC HA, indicating that th e label is not 
weakly sorbed to the BCHA but is fu lly bo und. Cleavage of the hum ic acid molecule was not 
apparent for any of the solids studied . 
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4.3.7.3b Adjusting the pH 
Varying the pH of the purified 14C_BCHA solution between pH 4 and pH 10 did not result in the 
release of the radioactivity in the supematants of the precipitated solutions above what was present 
within the supematants of the precipitated control solution. This indicated that the label was stable 
in the pH range of 4 to 10. 
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Section 5.1 Introduction 
5.1 INTRODUCTION 
The objective of the diffusion experiments was to provide infonnation on the migration of, Boom 
Clay humic acid through Boom Clay. Migration through the clay was investigated using the 14C_ 
BCHA prepared in Chapter 4 by impregnating cores of Boom Clay extracted from the HADES 
underground laboratory at SCK-CEN in 'back-to-back' style diffusion experiments. The second 
aspect of the diffusion experiments were the double-label migration experiments. 14C-BCHA 
would be 'complexed' with reduced uranium (N) oxide and Boom Clay cores would be 
impregnated with the double-labelled 14C-BCHA-U. The purpose of the double-label experiments 
is to ascertain whether U(TV) complexed with mobile Boom Clay humic acid remains bound to the 
mobile BC HA, or whether it will preferentially complex with clay bound, immobile BCHA 
associated with the Boom Clay. 
The diffusion cells are 10 cm x 3.8 cm Perspex cylinders with screw cap ends. The two end caps 
have a Teflon™ disc and rubber o-ring to provide a tight seal, which is necessary as Boom Clay 
readily oxidises to become hard and brittle in the presence of oxygen, due in part to the high iron 
pyrites content of the clay. Figure 5.1 shows a schematic diagram of the diffusion cells used in 
these experiments. 
Figure 5.1: Scbematic Diagram of the Diffusion Cells 
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The theory of ' back-to-back' d iffusion is that a source (e.g. a si ngle isotope such as tritiated water 
(HTO» is sandwiched between the two halves of the clay core. The source will diffuse through 
both c lay halves at a constant rate, wh ich is dependent on the source matrix. For example, mobi le 
hum ic acid, due to its complexing nature and physical size will diffuse through the semi-
impermeable clay at a much slower rate that I-I TO, which is non-complexing and relatively small. 
The diffusion of the source through the clay will produce a Gaussian distribution, ill ustrated in 
Figure 5.2. 
Figure 5.2 : Profile Simulation of tbe Distribution of HTO tbrougb Boom Clay a fter 48 a nd 
168 hours 
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As can be seen fro m Figure 5.2, diffus ion is time-dependent in that, d iffusion into the c lay is 
constant from the source, and the distribution of the source within the clay will depend on the rate 
of diffus ion of the sou rce and the length of the clay cores . The two core ha lves have a 'semi-
in fin ite' length (y), depicting that, in a non-laboratory environment, diffusion through the clay from 
the source wou ld be continuous. In laboratory experiments, if the length of the core is too short, 
the core is not 'semi-infinite ' , and therefore back-diffusion will occur unti l the source is in 
equi li briu m with the clay. If this occurs, the rate of diffusion through the clay cannot be calcu lated. 
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The Boom Clay cores were sent to Loughborough University from SCK-CEN as 30 cm x 4 cm 
cores sea led in stainless steel tubes. The tubes had been sealed at the point of extraction of the 
cores and stored at 40C until required to prevent oxidat ion and dehydration. 
The clay cores were pushed from the steel cylinders into the Pe.rspex diffusion cells using specially 
designed apparatus (Figure 5.3). A 1.5 tonne car jack is housed in a metal construct consisting of 
three long screw-thread rods attached at the top and bottom to - I cm thick pieces of circular metal. 
The top piece of metal has a hole that allows tile diffusion cells to be screwed in tightly for loading 
and extrud ing the clay from the cells. The cylinders containing the cores were cut in half to allow 
10adiJlg in to the cel l. One halfoftlle cell is placed on the car jack load plate, which is fitted with a 
Teflon disk, and tile clay is pushed out of the cylinder into the diffusion cell. The outer layer of 
clay (approximately 5 mm) is sheared off as the clay is pushed into the cell. 
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Figure 5.3: Diffusion Cell Loading Device 
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5.2 DI FFUSIO EXPERIM E TS USI G TRITI UM 
Prior to commencing the diffusion experiments using the 14C-BCHA and Ihe double- labelled 14C_ 
BC/-IA-U, diffusion experiments were conducted using HTO as a conservative tracer. These 
experiments were designed to both provide fami liari ty at handling the Boom Clay, and to ga in 
experience as to the correct manner of analysing the activity within the clay cores. 
Two experiments using HTO as the source were set up, the first was set up on the open bench, and 
the second was set up inside a N2 atmosphere g love box. The HTO was all owed to d iffuse into the 
clay for different time periods. 
5.2.1 Expcl'imental 
5.2.1.1 First HTO Diffusion Experiment - Loading and Extracting tbe Clay from tbe Cell 
and Recovery of the HTO from the Clay Segments 
Loading of the cell with clay for this experiment was performed inside a fume cupboard. The 
stainless steel cy linder containing SCK-CEN Boo l11 Clay core A 19-20 98-34 was cut into two 
halves of approximately equal length (- 15 cm) using a meta l lathe and the ends sea led with lab 
film to limit oxidation of the clay. A diffusion cell was screwed into place in the cell loading 
device (Figure 5.3) and the stainless steel cylinder containing the c lay core was placed in-line with 
the cell. 5 cm of the clay was pushed into the cell , and the sta inless steel cy linder was pulled down 
from the cell splitting the clay. The edges of t.he c lay ins ide the cell and inside the stainless steel 
cylinder were rough and were cut smooth using a knife. A 2 cm filter paper (Whatman) was placed 
on the surface of the clay ins ide the stainless steel cylinder and 250 III (0.96 MBq) of HTO were 
added to the paper. The c lay remaining in the stainless steel cylinder with the fi lter paper 
impregnated with /-ITO resting on the surface was pushed into the cell (5 cm), sandwiching the 
/-ITO source between the two clay halves. The cell was sealed at both ends and stored inside the 
glove box for 7 days. 
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After 7 days, the clay was extruded from the di ffusion cel l in - 2 mm lengths providing 
approximately 50 samples based on the 10 cm total length. The segments were placed into pre-
weighed plastic pots containing 10 cm3 NanoPure water, which were shaken in a shaking water 
bath for 24 hours to dissolve the clay and disperse HTO into the NanoPure water. The pots were 
weighed and the tota l weight of each clay segment was calculated. 
Each sample was transferred to a centrifuge tube and centrifuged for 30 minutes at 5000 rpm using 
a Hettich Zentrifugen EBA 30 centrifuge. The supematants were vacuum distilled to collected the 
HTO and I cm} of the distillate was added to 12.5 cm} of Ecoscint liquid scintillation cocktail and 
analysed by LSC for 20 minutes. 
5.2.1.2 Second UTO DiffllSion Experiment - Loading and Extracting the Clay f.-om the 
CelJ and Recovery of the UTO from the Clay Segments 
The second diffusion experiment was prepared using a different technique to the previous 
experiment. It was noted that pushing the c lay core directly into the cell from the metal cylinder 
compacted and contorted the clay. 
The stainless steel cylinder SCK-CEN Boom C lay core A 19-2098-34 was cut in half. One ha lf of 
the core was removed completely from the cylinder and cut into two equal lengths of 5.2 cm. One 
half was wrapped in cling fi lm until required. The remaining half was placed onto the loading 
device and slowly pushed into the diffusion cell. The outer edge of the clay was sheared off by the 
edge of the cell ensuring the clay was tight to the cell walls, but not so tight as to compact the c lay. 
Sheering off the outer layer of clays also removed any partially oxidised clay. The clay was pllShed 
through the cell to the top until - 2 mill of the clay was extruded from the ce ll , which was cut off 
usi ng a knife to ensure a flat surface. The clay was then removed from the cell entirely and the 
same procedure was applied to the second piece of clay with d,e except ion that the c lay was not 
removed from the cell after cutting a flat surface but was pushed back into the cell about - 5 mm 
below d,e lip of d,e cell . The clay halves had final lengdls of 49 mm. 200 "I (0.67 MBq) of HTO 
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was added di.rectly onto the clay surface (no filter paper was used) and the second half of the clay 
core was placed in contact with the first half of the core inside the cell, sandwiching the HTO 
between the two core ha lves. The clay was pushed into the cell, and the ends of the cell sea led . 
The HTO was left to diffuse for 2 days prior to collection of the clay core segments. 
The core was removed from the diffusion ce ll usi ng a sim ilar method to the first diffusion 
experiments. The only difference was that more care was taken to obtain - 2 mm lengths of clay for 
each sample by measurement with a ruler. The samples were shaken for -48 hours III 10 cm) 
NanoPure water in pre-weighed plastic pots to retrieve the HTO from the samples. The pots 
containing the segments were weighed and the mass of each segment ca lcu lated . Vacuum 
di stillation was again used to extract the HTO and I cm3 samples of the distillate were analysed as 
before. 
5.2 .2 Results and Discnssion 
5.2.2.1 First HTO Diffusion Experiments 
The diffusion of the HTO through the Boom clay showed a Gaussian distribution profile but, as can 
be seen fTOm Figure 5.4, the results were scattered . 
The activity on the x-ax is is expressed as a function of cumulative distance as a percentage on the 
y-ax is. The total length of the core was not measured in this experiment, so the activity could not 
be expressed in terms of distance. 
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Figure 5.4: Distribution Profile oftbe First HTO Diffusion Experimen t (7 days) 
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After I week of diffusing, the HTO has diffused to the ends of the clay cores in a Gaussian 
distribution. A number of the datum points were not consistent with the theoretical plot (Section 
5. 1). It also appears that the activity has diffused through the right hand segment faster than 
through the left hand segment. IL is possible that the right hand segment was shorter than the left 
hand segment as the core halves were not measured before the cell was sealed. 
It was noted that, when dIe clay was pushed into the cells using the loading device, the clay became 
compressed and contorted. As the outer layer of the clay was not sheared off by the diffusion cell, 
the (approximately) 4 cm clay diameter was forced into a 3.8 cm diameter cylinder, effectively 
compressing the clay. 
5.2.2.2 Second Tritium Diffusion Experiment 
The second experiment provided a unifonn, Gaussian distribution of the HTO though the clay, as 
can bee seen ill Figure 5.5, which is consistent with the 48 hour theoretical plot in Figure 5.2. 
Un like the previous experiments, the length of each core segment was known and the activity 
associated widl each segment is expressed as a function of total lengdl rather than cumulative 
length based on the percentage derived from the total mass of the clay cores. After 48 hours, it can 
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be seen that a significant amount of acti vity has diffused - SO % of the distance through the clay 
cores. 
Figure 5.6 is a comparison of the distribution profil es of the fi rst and second experiments, which 
were 7 days and 2 days di ffusion time, respectively, which agrees with the theoretical plots in 
Figure 5.2. The lengths of both data sets are expressed as a cumulati ve percentage of each segment 
in relation to the total mass, rather than as cumulative length as the core length o f the first 
experiment was unknown. The overlay of the two plots demonstrates the dependence of di ffusion 
on time. 
In addition, the permeability o f the clay to water is demonstrated, as after only 7 days of di ffusion, 
the HTO had reached the ends of the clay cores. The last four data points on the 7 day plot 
suggests that some back-di ffusion may have occurred. 
Figure 5.5: Distribution Profile for the Second HTO Diffusioa Experiment (2 days) 
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Figure 5.6: BTO Diffusion After 7 days and 2 days 
80000.00 
70000.00. • Expl. I (7 days) 
• Expl. 2 (2 days) 
60000.00 
• • e 50000.00 • 
... 
~ 
l;' • 40000.00 • ~ • 
" 
" 30000.00 • 
• 
l OOiO.ot • • • •• 
• • • • • ... 
• • 
•• 0 10000.00 • 
•• • 
....... 
...... .... • • ,00 
- 100 -50 0 50 100 
CUnluh(h'~ Con' ungth (-I.) 
------ ~------------
The results for the HTO diffusion experiments can be used as a base-l ine comparison for the 14C_ 
BCHA and 14C-BCHA-U diffusion experiments. If, after 2 days, the HTO has diffused 50 % of the 
distance through the clay cores, and after 7 days the HTO has diffused to the end of the cores, it can 
be assumed that the BCHA will be significantly more retarded. This premise is based on both the 
relative size (10,000 to 100,000 MW), and the complexing nature of humic acid. 
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5.3 DIFFUS ION EXPERIM ENTS USING 14C-BCHA 
Two diffusion experiments were conducted using the 14C-BCHA prepared in Chapter 4, Section 
4.3.6. The first experiment was prepared in a fume cupboard and the second experiment was 
prepared inside the glove box. 
5.3.1 Experimental 
5.3.1.1 First 14C_BCHA Diffusion Experiment 
A di ffusion experiment using BC HA, that had been labe lled us ing the "C-formaldehyde labelling 
method, was prepared using SCK-CEN Boom Clay core A 19-20 98-35. The ce ll was prepared 
us ing a method s imilar to that outlined for the second HTO di ffusion experimem (Section 5.2.2). 
The method differs in that the cell was prepared on the open bench, not ins ide the glove box, and a 
2 cm Whatman fil ter paper was used. 300 I.d of purifi ed "C-BC HA (specific activi ty of 355.7 kBq 
cm·
3
; TOC 2574 mg (C) dm-3) was added to Ihe filter paper and the core was sealed inside the cell 
and left in the glove box to diffuse fo r 116 days prior 10 cutting up and analysing the cores. 
The core halves were sliced up in approximately 2 mm segments and added to pre-weighed plastic 
pots containing 15 cm3 of Nano Pure water. The pots were we ighed again and tlle total mass of 
each segment was calculated. The samples were shaken in a water bath for 48 hours to disperse the 
clay. 100 III of the s lurry from each segment were trans ferred to 4 cm metal planchettes, di spersed 
with methanol, evaporated to dryness and analysed by gas proportional cowlt ing for 10,000 
seconds per sample. Each planchette was weighed before and after the addition of the slurry to 
determine the specific activity in Bq g;1 of tlle clay segments. 
5.3.1.2 Second 14C_BCHA Diffusion Experiment 
A second 14C-BCHA diffusion experiment was prepared inside Ihe glove box using SCK-CEN 
Boom Clay core A 19-20 01-38. The core was treated in a s imilar fas hion to the first experiment 
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with the exception that no filter paper was used, and 14C-BCI-IA (57.5 kBq) was added directly to 
the clay surface. The experiment was allowed to proceed for 101 days. 
Extrusion of the c lay from the diffusion cell was performed as for the first 14C-BC HA diffusion 
experiment, and the samples were analysed using the same method . 
5.3.2 Results and Discussion 
5.3.2.1 First a nd Second 14C-BCDA Diffusion Experiments 
The results of the first and second 14C-BCHA showed reasonable Gaussian distribution after I 16 
days and 101 days, respectively, of diffusion through Boom Clay. Figure 5.7 shows the specific 
activity of each core segment in Bq g-I as a function of cumulative core length for both of the 
diffusion experiments. 
After 116 days, activity was detected in segments up to approximately half way a long the core 
lengths for each core half, with the majority of the activity remaining at the centre of the two clay 
cores. A similar profile was seen for the 10 I day diffusion experiment, although penetration up to 
approximately 25 % tluough the core halves was observed. Figure 5.7 suggests that the BCI-IA is 
moving tluough the c lay, although it is greatly retarded in relation to the HTO used in the previous 
experiments. 
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Figure 5.7: Distribution Profile for tbe First and Second 14C·BCHA Diffusion Experiment 
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The data obtained from the two 14C-BCHA diffusion experiments were made available for 
modelling under the TRANCOM II project to D. Bennett of Gals on Sciences. The modelled results 
are discussed later in this Chapter. 
5.4 DIFFUSION EXPERIMENTS USING 14C_BCHA_U 
A double-label migration experiment was performed using 14C-BCHA that had been contacted with 
precipitated U02 forming 14C-BCHA-U. 
5.4.1 Experimental 
14C_BCI-IA was contacted with precipitated U02 for I week prior to addition to the clay. The 
experiment was performed using SCK-CEN Boom clay core A 19-20 01-39, and was prepared 
inside the glove box. TIle clay core was prepared in a similar fashion to the 14C_BCHA 
experiments: I cm' of the 14C_BCHA_U was filtered through a 0.1 jUTl syringe filter, and 300 ~I 
was added to the core. The total beta and alpha activity added was 9.25 kSq and 20.6 Bq, 
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respective ly, which was determined by LSC; the core was sealed and diffu sion was a llowed to 
proceed for 120 days; the core was extruded and treated as for the 14C-BCHA experiments, with the 
exception that both alpha and beta activities associated with each core segment were analysed by 
gas proportional counti ng. 
5.4.2 Resu.lts and Disc ussion 
The diffusion profiles for the 14C-BCHA-U experiment can be seen in Figure 5.8. As with the 14C_ 
BCHA experiments, there is little movement of activity from the centre of the core. Due to the very 
low levels o f alpha activity incorporated into the BCHA, noise is significant, and it is difficult to 
discem the a lpha activity from the background of the instrument. However, from Figure 5.8 it can 
be seen that the alpha profile does appear to follow the beta profile away from the centre of the 
core, and could indicate that the U(IV) has become attached to a sma ll , fa ster movi ng fract ion of 
the BCHA and is slowly diffus ing through the clay. 
Figure 5.8: Distribution Profile for the 14C-BCHA-U E"perim ent; comparison of alpha 
(D3U) and beta (14C) activities 
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Note: The alpha activity data displayed in Figure 5.8 has been increased by a factor of 100 to 
facilitate comparison to the beta activity. 
5.5 ANALVSIS OF THE 14C-BCHA DI.FFUSION EXPERlM ENTS 
As mentioned earlier, data obtained from the two 14C-BCHA diffusion experiments were modelled 
as part of the TRANCOM II project using the POPulations of COlloids on RadioNuc1ide transport 
(POPCORN) radionuclide transport model developed by Galson Sciences Limited. 
5.5.1 POPCORN Radionuclide Transport model 
5.5.1.2 General Equations 
The POPCORN radionuclide transport model developed by Galson Sciences under the TRANCOM 
U project includes representation of the effects of organic matter transport on radionuclide 
migration in clay. Radionuc1ides in solution are assumed to be transported by advection and 
dispersion, and may sorb on the rock matrix or on organic material (OM) within the matrix. The 
one·dimensional equations for transport of dissolved radionuclides, radionuclides attached to 
mobile OM, and radionuclides attached to immobile OM in a porous medium are as follows: 
R cc, D c
2
c, ac, R ' (K· ) (K ) 
-= ---u -- "C -K C -c -K C -C at "' (}x2 "' Ox .v ut nI .V III 1/ ·' I (5.1 ) 
cc c2c cc 
- '-" = D __ m -u - '-" -4C +K (K C -C )-(S C -S C ) at 11/ Ox lIIax III 1/1 I/I .f III 11111/ 1/ (5.2) 
(5.3) 
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where Cs (8q nr 3) is the concentration of radionucli des in so lutions, cm (8q m-3) is the 
concentrati on of radionuclides sorbed to the mobiles OM, and C f (8q m-3) is the concentration of 
radion uclides sorbed to the immobile (fixed) OM. 
The model assumes linear, reversible, insta ntaneous adsorption of di ssolved radionuclides in the 
rock matrix and a linear, ki netic model of adsorption on OMII04J. 
The terms Km ( Kmc, - cm) and K f ( K f e, - C f ) represents the rate of mass transfer between the 
dissolved phase and the sorbed phase on mobile and immobile OM, respectively. For high kinet ic 
constants, the familiar instantaneous, revers ible adsorption solution is approached. T he component 
(SmCm - S f Cf ) represents the effective rate of transfer of radionuclides from mobile to immobi le 
OM that results from the attachment to, and release from, the rock of the radionuc lide-bearin g OM. 
The modelled processes are illustrated in Figure 5.9, and the parameters in Equations 5. 1 to 5.3 are 
defined in Table 5.1. 
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Figure 5.9: llIustration of radionuclide transl)ort processes represented in the general 
transport model of Equations 5.1 to 5.3. 
5.5.1.3 
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Model boundary conditions are imposed in the form of a time-dependent source term and a zero 
concentration of radionuclides far downstream. A fraction 7] of the source term occurs in solution 
and (1 - 7]) sorbed to the mobile OM, such that source terms for disso lved radionuclides and 
rad ionuclides sorbed to mobile OM may be defined as follows: 
[
11 C - D GC,] 
.\ .!o 'Ox 
,..., 
'7/( /) 
A 
I ? O 
1 ? 0 
(5.4) 
(5 .5) 
The term / (8q S- I) is the flu x across the area open to fl ow, A (m2) . 
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The downstream boundary conditions along the flow path for radionuc1ides III solution and 
radionuclides sorbed to mobile OM are : 
Cs = c m = 0, I ~ O (5.6) 
Where necessary, to avoid the influence of the zero concentration boundary on the solution at the 
observation point, the outer boundary condition may be placed beyond the observation point. 
Ini tially, the radionuc1ide concentration in solution and on OM is zero everywhere such that: 
I ~ O (5 .7) 
Parameter Units Definition 
D. m2 s-I Solute dispersion coefficient given by RDw +aL> lu..!- where D.., 
(m2 S- I) is the apparent so lute diffusion coefficient l , and a l..s (m) is 
the intrinsic longitudina l dispers ivity. 
u, ms-I Effective groundwater ve loc ity in the pore space (Darcy velocity! tf). 
~ - Rock matrix porosity. 
Dm m2 s-I Dispersion coefficient for mobil e OM given by D_, +aLn, Ill", I where 
Dmo (m2 S-I) is the apparent diffus ion coefficient, and a Lm (m) is the 
intrins ic longitud inal dispersivity. 
lIm 
ms-I Average flow rate of mobile OM in the pore space (Darcy veloc ity! 
tf) . 
A- s-I Radionuclide decay constant. In growth is not modelled . 
R - Retardation coefficient for radionuc1ides in the rock matrix, 
R=l+(l-~)pKd! ~ ' where Kd (m3 kg-I) is the distribution 
coefficient for the radionuclides sorbing onto the rock matrix and p 
(kg m-3) is the density of the solid rock. 
Km S-I Kinetic constant of linear adsorption or radionllc lides on mobile OM. 
ICI 
S-I Kinetic constant of linear adsorption or radionuclides on immobile 
OM. 
K m - Partition coefficient for radionuc1ides sorbing onto mob ile OM, wh ich 
may be defmed as Km = Kdmam, where Kdm (m3 kg-I) represents the 
distribution coefficient of rad ionllclides on mob ile OM, and a m (kg 
m3) is the mass of the mobile OM per unit fluid volume. 
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Pammeter Units Definition 
K - Partition coefficient for radio nuc lides sorbing onto immobi le OM, J 
which may be defined as KJ = Kdfa J , where K df (m3 kg-I) 
represents the distribution coefficient of radionuclides on mobile OM, 
and a f (kg m3) is the mass of the mobile OM per unit nuid vo lume. 
sm S-I The rate of at1achment of mobi le OM to the rock. 
sf S- I The rate of attachment of immobi le OM from the rock. 
7] 
- Fract ion of injected in ventory in so lute phase. 
I D~ is given by X Do / ,2 = D, / t) R , where Do is Ule diffusion coeffi cient in water and X / ,2 is 
the geometric factor, with X representing the constrictivity and, the toruousity of the diffus iona l 
path, and D, is the effective diffusion coefficient 
5.5.2 Analysis of OM Diffusion Experiments 
In the models, symmetry was assumed such that only o ne half of each core was modelled and 53.25 
Bq 14C associated with BCI-IA was added to onc cnd o f the c lay core. A zero concentration 
boundary condition was assumed at the other end of the core. Distributions of 14C in the c lay 
cores, as determined by experiment and ca lculated by the POPCORN model are shown in Figure 
5.9. 
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Figure 5.9: Results of 14C-BCHA diffusion experiments and modelling studies: (a) apparent 
diffusion coefficient of 3 x 10·1! m2 s·l; (b) apparent diffusion coefficient of 
3 X 10-12 m2 S-I; (c) apparent diffusion coefficient of3 x 10-11 m2 S-I and sm = I x 1()-6 S-I; (d) 
apparent diffusion coefficient of 5 xl 0-1 I m2 S-I and sm = 5 x 1()-6 S-I 
(a) (1.» 
"". .:co 
~ ' '''. ;; ~::co 
.. ~ 
; "". · 
,-
,. ~ ~ · • · :oq> • ~~ 
. 
tt 
. 
~ """ .... ~ . . .. . . 
-'00 -e. • 5. ,., "0) -$) • " 1<0 COft 16I'Igtf'I("I') Cor. lenp ('%) 
tll:oitc- flptm"VoII t I l e: Gl}1 , - - - - r.tx .. ct~tr:~ ( ICl fD)'I l t.t)llj Of e: ~ertll!"'I( 1 (I UCl}'S) •••• MX.flct~iM":: { I~II1.\-p. 
. ~pK-Ur.l ll11S~! 
· 
e x:.-nr.lt 2 <nl4.J)'l} 
· 
~1'Im"'" 1 (11 ~ iSl'jll ) 
· 
e! x:rMrlt2 {,OI <U}'&) 
(c) (d) 
- -
""" I 
' 1:0~ 
10:0) 
9:(>3 
"., 
f " a:OJ "'I ~ 7':OJ ~ I ~ 6:C,-
.. J "S ~ I~ ;; :50:6 • "l '" , . \ . ''FJ . ..b: 
-
-lOO -eo , ., 10J -l el -!O , 
" '''' Cor. ltne1n ,'4, COff llnlUt ('hI 
ut'O!t "1!!:;.pe.1nC!"lt 1 ( 116CJp-' ____ LYld4l OCe!:II=e!rwt:':::: ( ICl I~! MXo!tCt'!)p!ltT""'II1 (1 .feZfa) •••• L'OdIlate.Ce':~:! IICI GJ7' ! 
. ~p!fh:enl1 Ill! dl'jII I 
· 
~ertl2 110 1 ~) 
· 
e:c-~nr: I ( I1S G»o"l l 
· 
e.pertTenl2 (IOI 4.;1;f') 
The 14C activity from the diffusion experiments is presented in units of Bequerels per unit of mass 
of clay solid . The 14C concentrations determined by the model have been converted to similar units 
by multiplication by </>/Pr(l- </» , where </> is the total clay porosity and Pr is the Boom C lay dry 
density. Boom Clay has a porosity of 0.3 to 0.4 [1 051 and a dry density of approximately 
1700 kg m-3 [1061. 
(n addition, in the econd diffusion experiment, only about 30 % of the injected 14C was detected in 
the core. [n order to reflect the possibility that less 14C expected entered the bulk of the core in the 
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second experiment, the calculated concentrations in the core were reduced by 30 % at the end of 
the s imulation of th is experiment. 
In itia lly, an apparent diffus ion coefficient of3 x 10. 11 m2 S· I was ass ll med fo r the ca lculations[ I05] 
and the resu lts were converted to appropriate units using a total porosity of 0.3. The results, as 
shown in Figure 5.9 (a), suggest that a sma.1ler diffus ion coefficient may be appropriate. T herefore, 
a second calculation was performed u ing an apparent diffusion coefficient oD x 10-12 m2 s·l, and 
a better match to the experimental resu lts was achieved (Figure 5.9 (b)). 
The experiments ind icate that a sign ificant proportion of the 14C-BCHA is relative[y immobile, 
remaining close to the injection point. Therefore, consideration was given to the potential filtering 
of 14C-BCHA into smaller organic fractions by the clay. The parameters srn and sr. respectively, 
represent the rates at wbich BCHA attaches to and detaches from surfaces in the clay as the BCHA 
is transported in the interstitial Boom Clay water. Using the apparent diffusion coefficient of 3 x 
10.11 m2 S·I , the term srn was varied whilst sr was kepI at zero. (Figure 5.9 (c)). Further 
improvements were achieved by increasing the apparent diffusion coefficient to 5 x [0-11 m2 S·I 
and increasing srn to 5 x 10-6 S·I, except that high concentration of 14C-BCHA remai ned near the 
injection point (Figure 5.9 (d)). 
Using the srn parameter, all of the 14C-BCHA eventually becomes immobile, which may not be a 
real istic scenario. Consideration of the mobi lity of the different size fraction of BCHA. with 
different diffusion coefficients and filtering rales, may lead to improved representation of the 
expe rimenta l data. 
In summary, a reasonable match to the experimental data for BCHA di ffus ion through the Boom 
Clay was obtained. n,e key derived parameter are a BCI·IA diffusion coefficient of 
3 x [0. 11 m2 S- I and a filtration term (S.,), representing Ule rate of attachment to the clay, of 
I x 10-6 s· l. 
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5.6 GENERAL CONCLUSIONS 
5.6.1 Diffusion Experiments using UTO 
The diffusion experiments through Boom Clay conducted using HTO showed Gaussian 
distributions after 2 and 7 days. After 7 days, the HTO had diffused to the ends of the 5 cm clay 
cores. The experimental results for 2 days and 7 days are in agreement with the theoretical plot in 
Section 5. 1. 
5.6.2 Diffusion Experiments Using 14C-BCHA 
Diffus ion experiments through Boom Clay using the 14C labelled BCHA demonstrated that BCHA 
is mobile in the clay, altJlOugh it is greatly retarded. Activity was detected at approximately 50 % 
and 25 % along each half of the c lay cores at 116 days and 101 days, respectively. 
Based on modelling results under tJ,e TRANCOM IJ project of the experimental diffusion data, the 
diffusion coefficient of 14C-BCHA through Boom Clay is J x 10. 11 m2 s·1 with a filtration term 
representing the rate of attachment to the clay of I x 10-6 S·I . 
5.6.3 Diffusion Experiments Using 14C-BCHA_U 
Due to the low concentrations of alpha activity of 233 U incorporated into the 14C-BCHA, it was 
difficult to separate alpha activity detected from instrument noise. However, it does appear that 
uranium did move away fTom tJ,e centre of tJ,e core with 14C-BCHA, a lthough this result is not 
conclus ive . Similarly, no definite conclusions can be drawn as to whether the uran ium remained 
bound to the BCHA, or whether interchange between d,e mobile BCHA and immobile BCHA 
occurred. However, based on the experimental results, it appears the uranium is moving with the 
mobi le BCHA, rather d,an remaining at the centre of the c lay core ha lves. 
It should be noted that the method for diffusion used for the double-labelled tracer migration 
experiments would be wllikely to provide eas.ily interpretable results. The inherent inso lubility of 
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U02, by definition, would only be at a concentration of 10.9 to 10-8 mol dm-3 in solution, increasing 
to 10-8 to 10-7 mol dm-3 due to complexation with BCHA, as described in Chapter 2. When the 
dilution effect of dIe uranium diffusing into dIe clay is considered, the detection of uranium would 
be difficult to detect and relatively unquantifiable. 
Whereas the ' back-te-back ' diffusion technique is suitable at monitoring the rate of diffusion of 
BC HA through Boom Clay, it is not a suitable method for BCHA-U. An alternative diffusion 
technique, such as allowing the BCHA-U to diffuse across a thin layer of Boom Clay from one 
reservoir (containing 14C-BCHA-U of known activities and concentrations) into a 'clean' reservoir, 
may have provided more conclusive results. Using this technique would also establish whether 
uranium would preferentially stay bound to the mobile BCHA, or bind to the immobile BCHA. 
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Section 6.1 Uranium 
6.1 URAN I M 
6.1.1 Summary Conclusious 
The U(IV) solubilily experiments conducted in Series I to 7 resulted in the optimisation of the 
protocol for preparing the uran ium (IV) oxide solid phase from uranyl (V1) nitrate. Through 
further experimentation in Phase 2 of Ule work, the high solubilities observed in Phase I were 
believed to be partial oxidation of U(IV) to U(VI) through introduction of oxygen into the 
solutions. 
In the Phase 2 study, iron granules were added to all solutions as a secondary oxygen scavenger. 
Inclusion of Fe lowered the U(IV) precipitate sol ubi lily to the order of 10-8 to 10-7 mol dm-3. 
Based on the overall results of the Phase 2 experiments, it may be stated that uranium (IV) 
solubi lily under Boom clay interstitial water conditions of pH 8.2, and BCHA concentrations of 
200 mg dm-3 can be expected to be of the order of I (}-8 to 10-7 mol dm-3. 
Stabilily constants for U(lV) were obtained utilising the inherent insolubilily of the uranium (IV) 
oxide solid phase and the side reaction coefficient. Pure U02 was precipitated, which produced a 
mean uranium concentration of 3.08 x 10-9 mol dm-3, which is consistent WiUI Ule 'best' literature 
valuesl4, 171 . Based on this uranium concentration, the pH of the solutions and the side reaction 
coefficient (' A' term) a log Ksp of -54.51 was calculated from the experimental results. 
Stabilily constants (log 13141 ) for BCI-IA-U(OH)4 were derived using the solubiIily product 
discussed above and the side reaction coefficient. Assuming the stoichiometry of Ule aqueous 
U(IV) hydroxide species was 1:4, i.c_ U(OH)", log 13141 = 51.36. 
An apparent pH effect on the solubi lily of the U02 precipitate was noted (Section 2.2.2, Phase I, 
Series 2 and Section 2.4.4, Phase 2, Series 11). Raj et al. ,[17J states that pH has no effect on the 
solubi lily of U~ until below pH 3, although in this study a solubilily enhancement was observed 
on comparable samples at pH 7, 8 9 and 10, solubiIiIy appeared to be lower at higher pH. 
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A spectrophotometric investigation into the proposed structure of UOZ.Z5 (3UOz.UOJ)be ing the 
dominant solid phase in the early (Phase I) experiments of this work indicates U(Y I) was present in 
the dissolved solid phase. It must be noted that the precision required to obtain conclusive data o f 
the presence of U(VI) was at the limit for the instrument used. 
6.1.2 Future Wo rk 
I. Further investigation into the effect of carbonate on the solubility o f UOz precipitate. 
• Experiments were performed to investigate a solubili ty enhancement due to the presence 
o f carbonate a lthough results were limited. T his aspect of UOz solubility was not fully 
explored. 
2. Formation of UOz colloids. 
• SCK-CEN reported that all UOz solubility was due to colloid formation, and UOz is not 
so luble under Boom Clay interstitial water conditions; 
• Some work into possible colloidal formation was attempted towards the end of this work, 
although no conclusive evidence of the ex istence of colloidal UOz was produced; and 
• Further experimentation into the possible formation of colloidal UOz may be 
advantageous. 
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6.2 PLUTONI UM 
6.2.1 Sum mary Conclusions 
Analysis of the Pu solution as received from IRMM by UVlY is showed approximate ly half of the 
Pu present was as Pu(lY) and ha lf as Pu(YI). Therefore, the Pu(IY) was separated from the other 
Pu oxidation states by ion exchange . 
Analysis of the solution after precipitation of the PU0 2 yielded a total concentration of 5. 15 x 10" 
mol dn,-3 PU0 2 in the 19.5 cm3 volume. The tota l activity was 45 1.7 kBq (specific activity ; 23. 16 
kBq cm·3). 
Ana lys is of the Pu0 2-BCHA samples after 84 days showed up to a 50 % decrease in Pu 
concentration compared to that for the same samples analysed after 15 days, indicating Pu(Yl) 
present in the solution was being reduced to Pu(lV) by the humic acid . T his effecti vely lowered 
the concentra tion of Pu in solution through precipitation as Pu0 2' 
A solubility e ,thancement in the presence o f BCHA + Water, BCHA + SBCW, and RBCW was 
noted. The resul ts for Pu0 2 solubility in the presence of RBCW are comparable to s imilar 
concentrations of BCHA+SB W. After 84 days equili bration of Pu02 the observed Pu 
concentrations were [mean] 7.68 x 10.7 mo l dm-3 for BCHA+ Water, between [20 mg (C) dm-3) 
3.93 x 10-8 and [500 mg (C) dm-3) 6.04 x 10-7 mo l dm·3 for BCHA+SBCW and [mean) 1.33 x 10.7 
mol dlll·3 for RBCW. The BCHA+ Water Pu concentrations for 20 to 500 mg (C) dm·3 are a 
calcu.lated mean as no trend was observed . 
Assuming the sto ichiometry of l'u(IY) complexed with hydroxide is I :4, i.e. l'u(OH)4, then the 
stability constant fo r Pu(OHkBCHA in log i3 ; 55.39 ± 0.54. 
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6.2.2 Future Work 
Further experi mentation into plutonium utilising the experimental procedures used for uranium. 
• Pu experiments were limited by the scope of the work under the TRANCOM 11 project, 
and were designed purely as a scoping study; 
• A repeal of the experiments with greater efforts to control the oxidation state of Pu in the 
solutions cou ld provide an experimentally derived solubility product; and 
• Repeat experiments on the solubility of Pu02 in the presence of BCHA with tighter 
control over the oxidation state to provide stability constants. 
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6.3 RAD IOLABELLINC OF BCHA 
6.3.1 Summary Conclusions 
The process of radio labe lling Boom Clay hum ic acid u ing 14C-formaldehyde was successful using 
the reductive methylation method. Elution of the labelled solution Ihrough a GPC column and 
analysis oftbe eluent by LSC proved that the radiolabel had been successfully incorporated into the 
humic molecule. UV analysis of tile eluent as it moved tluough the column confirmed that the 
humic acid fraction of the BCHA had been radio labelled. 
The 14C-BCHA was purified by acid precipitation of the BCHA and re-dissolving the dried 
precipitate in NaOH . Analysis of tile IWO samples prepared (Loughborough and SCK-CEN) 
showed only one radioactivity peak, which corresponded with the UVNis peak. This concludes 
thalthe humic acid fraction has been successfully rad iolabelled. 
The stability or label was tested by adjusting the pH of the 14C-BCHA, and contacting 14C-BCHA 
witll various solid phases. No increase in radioactivity that was not associated with the BCHA was 
noted in either case. This indicates tile label is stable at both acidic and alkaline pH, and when 
bound to sol id phases. 
6.3.2 Future Work 
I. Further work into identiry ing the two unknown peaks within the labelling so lution. 
• Identification of tllC two midd le peaks was not resolved as they were both removed from 
so lur;on during purification. Further experimentation into the identify of these two peaks 
wou ld provide useful information. 
2. Organic fraction experiments. 
• Experimentar;on into the extent of labelling with respect to possible different sized organic 
fractions was not explored. This may provide useful information for diffusion modelling 
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where a percolation effect of the BCHA by the clay could occur. If the BCHA was being 
separated into smaller organic molecules the rate of diffusion through Boom Clay may be 
contingent on the size of the organic fraction . 
3. Long-term stability experiments 
• The long-term stability of the labelled BCHA was not explored. 
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6.4 DI FFUSION 
6.4.1 Summary Conclusions 
Diffusion experiments through Boom Clay using the 14C labelled BCHA demonstrated that BC HA 
is mobile in the clay, although it is greatly retarded. Activity was detected at approximately 50 % 
and 25 % along each half of the clay cores at 11 6 days and 101 days, respectively. Based on 
modelling results of the experimenta l diffusion data, the diffusion coefficient of 14C-BCHA 
through Boom Clay is 3 x 10-11 m2 S-I with a fi ltration term representing the rate o f attachment to 
the clay of I x 10-6 5-1. 
Due to ti,e low concentrations of alpha activity of D3U incorporated into the 14C-BCHA in the 
double label migration experiments, it was difficult to separate alpha activity detected from 
ins trument noise. However, it does appear tI,at uranium did move away from the centre of the core 
with 14C-BCHA, although tbis resul t is not conclusive. Similarly, no definite conclusions can be 
drawn as to whether the uranium remained bound to the BCHA, or whether interchange between 
the mobi le BCHA and immobile BCHA occurred. However, based on the experimental resu lts, it 
appears the uranium is moving Witll tbe mobile BCHA, rather than remaining at ti,e centre of the 
clay core halves. 
6.4.2 F uture Work 
I. Double label tracer experiments 
• The double labelled BCHA (C-14 and U-233) did not provide any conclusive resul ts, and 
based on the experimental procedure adopted, the determination of U content within, 
firstly, ti,e 14C-BCHA, and then within ti,e clay core would be almost impossible due to 
ti,e inherent solub i lity of U02; and 
• An alternative metllod for determining wbether the uranium remains bound to ti,e BCHA 
or whether it dissociated from the mobile BCHA and binds to the immobile BC HA within 
the clay structure would be required. 
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APPENDIX 1- GLOSSARY OF TERMS 
Term Explanation 
I'C/C- 14 Carbon-14 
3H Tritium 
!l Alpha radiation 
AHA Aldrich Humic Ac id 
An Acti nide 
Ar Argon 
Ar/Me ArgonlMethane 
AIm Atmospheres 
f3 Beta radiation 
BCHA Boom Clay humic acid 
Bq Bequerel 
cm' cubic centimeter 
cm3 min·1 cubic centimeters per minute 
CO, Carbon diox ide 
COC Colloidal Organic Carbon 
DA De-aerated 
Da/kDa Daltonlki lo-Dalton 
DOC Dissolved Organic Carbon 
dpm disintegrations per minute 
Eh Electrode potential 
E ... Standard hydrogen electrode potential 
FA Fu lvic Acid 
G gramme 
y Gamma radiation 
g mor l grammes per mole 
GC-MS Gas chromatography-Mass spectrometry 
GEF Geochemica l Enrichment Factor 
OPC Gel Permeation Chromatography 
H I4CHO Carbon-14 formaldehyde 
H, SO. Sulphuric acid 
HA Humic Acid 
HCHO Formaldehyde 
HCI Hydrochloric acid 
HEPES N-2-h)'drox)'ethylJ>iF~razine-N'-2-ethansulphonic acid 
HLW High Level Waste 
HPLC High performance liquid chromatography 
HTO Tritiated water 
I Ionic strength 
!AEA International Atomic Energy Authority 
IR In fra Red 
IRMM Institute of Reference Material s and Measurements 
ISE loo Selective Electrode 
keY kilo-electron volts 
LSC Liquid Scintillation Counting 
m' S·I metres per second 
mg (C) dnf' milligrammes of carbon per cubic decimetre 
Appendix 1 - i 
Term Exnlanation 
mg dm-J milligrammes per cubic decimetre 
ul microlitre 
um Illicrometres 
mV mill i-volt 
MW Molecular Weight 
MWCO Molecular Weight Cut-Off 
N2 Nitrogen 
Na2S20 , Sodium dithionite 
NaCI Sodium chloride 
NaCNBH3 Sodi um cyanoborohydride 
NaOH Sodium hydroxide 
NEA Nuclear Energy AuthoritY 
NOM Natural Oruanic Matter 
O2 Oxygen 
OM Organic Matter 
PEC Proton Exchange Capacity 
pH Proton concentration 
POPCORN Pooulations or Colloids on Radionuclides 
Pom Darts oer mill ion 
Pu Plutonium 
PU02 Plutonium (IV) ox ide 
RBCW Rea l Boom Clay water 
Rom revolutions ocr minute 
RT Retention time 
SBCW Svnthetic Boom Clav water 
SCK-CE Studiecentrum Voor Kernenergie - Centre d' Etude de l'Enero ie Nucleaire 
SP Solubility Product 
TCA Trichloroacetic acid 
TIC Total Inorganic Carbon 
TOC Total Organic Carbon 
TROM TRANCOM Omanic Matter 
U Uranium 
U(OH), Uranium (IV) hydrox ide 
U02(,m' Uranium (IV) oxide 
U0 2(N0 3)2.6H20 UranylnitTate 
UVlVis Ultra VioletlV isib le 
v/v volume by vo lume 
w/v weight by vo lume 
w/w weight by weight 
Please note, th is glossary or terms is not exhaustive, and other abbreviations exist within this 
thesis wi th the appropriate explanation assoc iated with them. 
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APPEND1X 2 - TABLE OF EQUlPMENT 
The table present below lists the equipment used during thi s work, its location , and a brief 
description of its use. 
Instrum ent/Equipment Location Type of [nstrument I Use 
Wiffug Babor 50 Lab Loughborough Uni vers ity Centrifuge I sample separation Centri fuge 
Hettich Zentrifugen EBA Loughborough Univers ity Ce ntrifuge I sample separation 30 Centrifuge 
MBraun Uni lab glove Inert atmosphe re g love box I provided 
box Loughborough Un iversity inert working atmosphere for preparation of uranium oxide samp les 
Tri-Carb 2750 TRILL Liquid scintillation counter I analys is of Liquid Scintill ation Loughborough Uni versity 
Analyser gross a lpha and beta radioactivity 
Tri-Carb 2500 TR Liquid Loughborough Univers ity Liquid scintillation counter I analysis of Scintillation Ana lyser gross alpha and beta radioactivity 
Tri-Carb 2500 Liquid SCK-CEN, Mol, Belgium Liquid scintillat ion counter I analys is o f Scintillation Ana lyser gross a lpha and beta radioactivity 
FAG FHT 1100 Loughborough University Gas proportional counter / ana lysis of gross a lpha acti vity 
Gas Proportional Counter Gas proportional counter I analysis of (U nknown make and SCK-CEN, Mo l, Belgium gross a lpha acti vi ty 
model) 
PU 8730 UVlVis Ultra violet/vis ibl e spectrophotometer I 
scanning Loughborough University ana lysis of the UVlVis spectrum of 
spectrophotometer various samples 
Spectrophotometer Ultra violet/vis ible spectrophotometer / 
analys is of the UV lVis spectrum of the (U nknown make and SCK-CEN, Mol, Be lgium Pu so lution for veri fication of oxidation 
model) 
state 
Rheodyne Type 50 Rotary injection va lve I introduced Sample Injection Teflon Loughborough Uni versity 
samples onto the gel permeation co lumn Rotary Valve 
Pharmac ia P-3 Peristaltic Peristaltic pump I pumped mobi le phase 
Pump Loughborough University through the ge l permeation co lumn at a 
constant rate 
Ultra violet/vis ible spectrophotometer I 
Ca m-Spec UV lV is Loughborough Uni versity analys is of the UVlV is spectra at 254 
spectrophotometer nm of the e luent as it exited the gel 
permeation co lumn 
Fraction co llector I collected a set 
Phannacia LKB.RediFrac Loughboro ugh Uni versity volume of e lue nt from the gel permeation co lumn in polythene via ls at 
set fracti ons 
Diffusion Ce ll Loading Purpose-built device for loading and 
Device Loughboro ugh University extrudin g Boom Clay from the diffusion 
cell s 
Di ffu sion Cells Loughborough Uni versity Purpose-made Perspex diffusion ce lls 
and caps 
Loughborough University pH/ Eh meter / meas uri ng the pH and Eh Orion n OA SCK- EN, Mo l, Be lg ium of solutions. Eh corrected to Eshc by 
add ition of 204 mV 
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Stability constants of U(VI) and U(IV)-humic acid complexes 
P. Warwick,' N. Eva ns, A. Hall, G . Walker, E. Steigleder 
Deparrment o/Chemistry. Loughborough Uni\lersity. Loughborough. Leics, LEIJ 3TU, UK 
(Received September 23 , 2004) 
Conditional stability constants have been detennined for U(IV) and U(VI) Boom Clay humic acid (BCHA) and Aldrich humic acid (AHA) 
complexes, uDder anaerobic and carbonate free conditions. The constants are needed for nuclear waste repository perfonnance assessment 
purposes. The U(rv) constants were obtained by develop ing an approach based on the solubility product of amorphous U(OH)4' The U(Vl) 
constants were obtained by applying the Schubert ion-exchange approach. 
Introduction 
A nuclear waste repository may be cons tructed 
underground in the Belgian Boom Clay (BC) geological 
formation. BC is hig hly impervious but contains 
relatively large amounts of interstitia l humic ac id 
(BCHA). Mobile and immobile fractions are present , 
capable, in principle, of exerting opposing effects on 
metal transport due to the fonnation of metal humate 
complexes. l The mobile and immobile forms exhibit 
similar complex.ing tendencies, but the immobile form is 
more abundant. Clearly, radionuclide humic acid 
stability constants are needed for repository performance 
assessment purposes. 
This particular study was undertaken to obtain U(IV) 
and U(VI)-BCHA constants. Various U(VI) HA values 
can be found in the literature, see for example the 
fluorescence study by SAlTO and co-workers,2 and the 
references contained therein. Unfortunately, the reported 
constants are generally conditional, and relate to pH 
values less than 7.0, for example CZERWINSKI et al.3 
reported for Gorleben humanic acid (HA). 
log P ~ 6. 16±O.13 at pH 4 .0 .3 BC interstitial water has a 
pH of approximately 8.2. The U(IV}-HA value is 
particularly important because many possible far-field 
condi-tions, such as Boom Clay, are reducing. The 
solubility of crystalline U02 in Boom Clay conditions 
bas been measured by CACHO[R et al.4 The solubility 
was found to vary between 3 ' 10- 8 and 1.5 · 1~ mol 'dm- 3 
The experiments were conducted using purified 
Aldrich humic acid AHA and BCHA extracted from the 
clay at the underground research facility at Mol in 
Belgium, at a depth of 223 m. t The extract was 
concentrated using the diethyl-amino-ethyl cellulose 
procedure of MILES e t a l5 The U(IV) constants were 
obtained by developing an approach based on the 
"solubility product" of the solid phase precipitated under 
alkaline conditions and assumed to be U(OH)4 (am). 
The U(VJ) constants were obtained by employing the 
"classical" Schubert ion-exchange approach6 The 
• E-mai l: p.warwick@lboro.ac.uk 
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experiments were performed at pH values of relevance 
to environmental conditions,with 02 and CO2 excluded. 
For comparative purposes U(JV) and U(Vl}-AHA 
constants were also determined using similar conditions. 
Solubility product approach jor U(VJ) constants 
The solubility product approach involved three 
stages: ( I) precipitation and ageing of amorphous 
U(OH)4' (2) equilibration with BCHA or AHA, and (3) 
supematant activity measurements. 
In the fi rst stage uranyl nitrate [U0lN03) 21 
solution, containing a tracer amount o f 233U, was treated 
with sodium dithionite (Na2S204) under alkaline 
conditions in the absence of air and carbonate. The 
yellow U(VJ) solution was reduced to U(IV) and 
greylbrown amorphous U(OH)4 precipitated. The 
pn:cipi tates were aged for 2 weeks. The reactions can be 
n:prcsemed as: 
UO~+ + S20~-? U4+ + 2S0j-
and 
UrJnium(IV) hydrox.ide is very sparingly soluble. 
TtK· ti issolution can be represented as the reverse o f the 
flmnalion reaction, i.e .: 
T he solubi lity product (K,p) is given by: 
K,p ~ [U4+][OH-]4 ( I ) 
Under hydrolyzing conditions in the absence of H A, 
speciation studies show that the total U(JV) 
concentration in solutio n ([Ulso[) can be expressed as: 
[Ulsol = [ U4+1+ [U(OH)3+ 1+ [ U(OH)~+ 1 + 
+ [U(OH)j] + [U(OH)41 
(2) 
Akademiai KiadtJ, Budapest 
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Hence: Schubert ion-exchange approach for U(VI) constants 
The standard Schubert method was applied by 
placing 233U tracer in contact with a cation exchange 
[U],ol = [U 4+]+ PI[U 4+][OH-]+ Pn[U 4+][OW]2 + 
+Pm[U 4+][OW]3 +PIV[U 4+][OH-]4 = 
=[U 4+]{l+ PI[OW]+ Pn[OW]2 + 
+ Pm [OH-]3 + PIV[OH-]4} = [U4+]A 
(3) resin (Na form), in the presence and absence of varying 
amounts of HA. Appropriate D and Do values, i.e., the 
distribution coefficients ([U]re,i.![U],olutioo)' in the 
presence and absence of HA, were derived from 
where A, /3n, All and PN are the stability constants of 
the various hydrolysis products, and A is a pH dependent 
constant, known as the side reaction coefficient. 7 
After ageing, the precipitates were treated with HA. 
Since U4+ may react with humic acids to form binary 
and ternary (i.e., mixed) complexes,8 the dissolved 
uranium concentration ([UJ,ol) in the presence of HA 
may be expressed as: 
[U]sol-[U4+]A = [UHA] + [U(OH)[HA] + (4) 
+ [U(OHhHA] + [U(OH)3 HA] + [U(OH)4HA] 
Hence, the total humate complex concentration is 
given by: 
[U],ol _[U4+]A = P[U4+][HA] + 
+ PI[U4+][HA][OW] + (5) 
+ P2[U4+][HA][OW]2 + P3[U4+][HA][OW]3 + 
+ P4[U4+][HA][OW]4 
Rearrangement of Eq. (5) allows an experimental 
stability constant <P .. rJ to be defined, i.e.: 
[UJsol-[U
4
+]A P+ A[OH-]+ P [OW]2 + 
[U4+][HA] '. 2 (6) 
. + .P:J[OWf + P4[OW]4 ,,; Pexp 
From Eq. (I) 
Therefore: 
Pexp 
( Ksp ) [U],ol - 4 A tOW] (7) 
( Ksp 4 Y[HA]total -([U]SOI -( Ksp 4 )AJ) tOW] )l tOW] 
Pexp values were calculated using Eq. (7) from the 
measured supernatant activities, the HA concentrations 
and pH values. The Ksp value was obtained by 
determining the solubility of the precipitate in the 
absence of HA. 
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supernatant activity measurements. Pexp values were 
calculated using the Schubert relationship, given by: 
(8) 
A is again the side reaction coefficient term, included to 
take account of competition from hydroxide ions, and n 
is the stoichiometric ratio of HA to U(V1) in the 
complex.6 
Experimental 
Determination of the U(lV)-HA stability constants using 
the solubility product approach 
A concentrated solution of BCHA, known to contain 
traces of carbonate, was taken and purified by addition 
of hydrochloric acid (5 mol'dm-3), and purged with N2 
to remove CO2, The precipitate formed was centrifuged 
off and dried in a dessicator. A working stock solution 
was then produced by dissolving the purified BCHA in 
dilute carbonate free NaOH solution. lbis stock (904 mg 
carbon'dm-3) was successively diluted to produce a 
range of concentrations. Samples of amorphous 
U02'2H20 were precipitated in NALGENE vials by 
mixing 2.5 cm3 of carbonate free NaOH (0.4 mol'dm-3), 
5.0 cm3 N'lS204 solution (0.10 mol'dm-3) and 2.5 cm3 
U02(N03h· solution (0.01 mol'dm-3, containing 233U 
tracer solution giving -12 MBq·dm-3). The solutions 
were prepared using N2 purged, boiled, de-ionized water 
and the mixtures were prepared in a N2 atmosphere 
glove box. After two weeks the aged precipitates were 
centrifuged, washed with N'lS204 solution 
(0.05 mol'dm-3) and re-centrifuged. The supernatants 
were then decanted off, and the washed precipitates 
treated with different amounts of BCHA and AHA. 
Controls were set up with deionized water and a solution 
of sodium dithionite (0.01 mol'dm-3) to determine if 
dithionite was causing a change in the solubility of 
U(JV). The AHA experiments used AHA diluted to 
1000 mg carbon'dm-3 with deionized and deoxygenated 
water and adjusted to the required pH with HCI or 
NaOH. Experiments were performed at pH values of 
8.6, 7.5 and 6.4. The BCHA experiments were designed 
for multiple repetitions at constant pH used HEPES 
buffer (0.1 mol·dm-3). Humic acid addition (x cm3) was 
followed by N'lSP4 solution (2.5 cm3; 0.20 mol'dm-3), 
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HEPES buffer (2.5 cm3, 0.4 mol·dm-3, pH 8.2) and 
sufficient H20 to produce a final volume of 10 cm3, i.e., (5-x) cm3. 
In the experiments undertaken to determine the 
solubility product, the HA was omitted. The solutions 
used in these experiments were filtered through 0.45, 
0.2,0.1,0.02 IIDl and lOOk, 10k and Ik MWCO filters to 
determine whether U(IV) colloids were present. After 2 
weeks equilibration an aliquot of each supematant was 
filtered off (0.45 1IDl) and the specific activity (dpm'cm-3) 
determined using liquid scintillation counting (LSC). 
The pH and Eh values were monitored throughout. 
Determination of the U(VJ)-BCHA and U(VJ)-AHA 
stability constants using the Schubert ion-exchange 
procedure 
A number of plastic (NALGENE) vials were taken 
and cation-exchanger, in the Na form, placed in each 
(10 mg; BioRad AG50W X2; 100-200 mesh). An 
aliquot (15 cm3) of one of the BCHA solutions was then 
added, followed by HEPES buffer (5.0 cm3; 
0.41 mol·dm-3; pH 8.0) and finally 233U tracer solution 
(0.50 cm3; -6 kBq·cm-3). Each vial contained 
2.21'10-7 mol'dm-3 U(VI) in 20.5 cm3• A control 
experiment was also conducted replacing the BCRA 
solution with the same volume of water. The resulting 
mixtures were equilibrated for 2 weeks at room 
temperature with intermittent shaking. The whole 
experiment was conducted inside a N2 atmosphere glove 
box «I ppm 02)' Afterwards a filtered (0.45 1IDl) 
sample of each supematant was taken (1.0 cm3) and 
placed in a counting vial, containing 15 cm3 of Ecoscint 
cocktail. The 233U activity was determined using liquid 
scintillation counting. Quenching problems were 
avoided by the use of a wide counting channel in which 
the counting efficiency for 233U was 100%. 
The experiments were performed in triplicate. 
Essential details of the mixtures and the results are given 
in Table 1. A second set of experiments at pH 8.4 was 
then conducted using acid precipitated AHA instead of 
BCHA. A similar procedure was followed using a 
1000 mg·dm-3 purified AHA solution for the iuitial 
working stock. The details of the mixtures and results 
are given in Table 2. 
Results and discussion 
U(IV) solubility product determinations 
The calculation of the side reaction coefficient, the A. 
term, is simplified if the dominating uranium species, in 
the absence of HA, are known at the experimental pH 
values. Therefore, calculations were performed using the 
thermodynamic constants published by NECK and KJM9 
(Table 3), to determine the speciation of uranium(IV) 
from pH 6 to 9. These calculations are shown in Fig. 1. 
The calculations were performed using the speciation 
programme CHESS,IO for an initial concentration of 
U(IV) of 1'10-7 mol'dm-3, which was similar to that 
used in the experiments. The figure clearly shows that 
the dominant uranium(IV) species is U(OH)4' which 
consequently dominates the A term. The A term was, 
Table 1. Results of the Schubert experiment, using Na fonn cation-
exchange resin (10 mg), with purified BCHA (15 cm]; proton capacity 
4.0'10-' mol'g-'), HEPES butTer (pH 8.0; 0.41 mol'dm-'; 5.0 cm') and 
"'U tracer (0.5 cm'). A - 1.50'10' 
Log[BCHA] Supematant, D Log[(DoID}-I)A Logp dpm'cm-3 
-2.28 768.7 0.106 5.04 7.32 
-2.58 765.1 0.111 5.02 7.60 
-2.88 713.7 0.191 4.77 7.65 
-3.18 706.3 0.203 4.74 7.92 
-3.48 648.5 0.311 4.54 8.02 
-4.08 526.6 0.614 4.19 8.27 
-4.38 420.2 1.023 3.89 8.27 
-4.99 244.8 2.472 2.90 7.88 
-5.29 222.2 2.825 2.26 7.54 
Mean: 7.94 
(s.d.: 0.33) 
Total activity present = 850 dpm'cm-l ; Do = 2.95. 
Table 2. Results of the Schubert experiment, using Na form cation-
exchange resin (10 mg). with purified AlIA (15 cml; proton capacity 
5.3'10-' mol'g-'), HEPES butTer (pH 8.4; 0.41 mol'dm-'; 5.0 cm') and 
233U tracer (0.5 cm'). Do - 2.95; for A - 4.22'10' 
Log[AHA] Supematant, D Log[(DoID}-I)A Logp dem-cm-3 
-2.41 830.8 0.023 6.73 9.14 
-2.71 799.9 0.063 6.29 9.00 
-3.01 717.9 0.184 5.80 8.82 
-3.32 715.3 0.188 5.79 9.11 
-3.62 612.7 0.387 5.45 9.06 
-3.92 557.0 0.526 5.29 9.21 
-4.22 462.2 0.839 5.03 9.24 
-4.52 355.2 1.393 4.67 9.19 
-4.82 313.5 1.711 4.49 9.30 
-5.12 223.5 2.803 3.34 8.47 
-5.42 242.7 2.502 3.88 9.30 
Mean: 9.13 
(s.d.: 0.25) 
Total activity present"" 850 dpm'cm-3; Do "" 2.95. 
therefore, calculated for the 
u4+ + 40H- = U(OH)4 
reaction equation using log ~ = 46, which was further 
adjusted to 48.5 to take account of the experimental 
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ionic strength (/=0.2). The required activity coefficients 
were calculated using the DA VIES equation, 11 i.e., 
log y = ~.5Iz2« ~I/(I + 1.5,f[ »-O.3I) 
where 1 is the ionic strength and z is the charge on the 
ion, e.g., at pH 10.17: 
A = {1+l:P4[OH-]4} = 
= 1+(3.47'1048'(1.48'10-4)4)= 1.66'1033. 
Ksp = [U4+]/[OH-]~[U]solution[OH-]4IA = 
= 1.52'10-8'(1.48'10-4 )4/1.66'1033 = 4.39'10-57 
i.e., log Ksp=-56.4. The details and results of the 
experiments conducted to determine the solubility 
product of U02(am), undertaken in the absence of HA, 
are summarized in Table 4. 
Uranium(IV) oxide solubilities reported in the 
literature vary.9 The variation can be attributed to the 
stoichiometry of the solid andlor its degree of 
crystallinity. The solubility product determined in this 
study (log Ksp =-56.2) agrees reasonably well with 
literature values for amorphous U02, e.g., 
logKsp=-53.45 (/=0),-55.7 (/=0),-54.5 (/=0) 9 
and 
-56.2 (/=0),-55.6 (/=3.0),-54.3 (/=0.5) 12 
which gave confidence in the use of the experimentally 
determined value to derive the U(IV)-HA log P values. 
Control experiments showed that the addition of 
dithionite (0.01 mol'dm-3) did not increase the solubility 
of uranium above that which was observed when 
deionized water alone was added. Hence, the possibility 
of significant complexation of dithionite with 
uranium(IV) was discounted. Further control 
experiments, in which HA free samples were filtered, 
did not show a decrease in the uranium concentration, 
demonstrating that uranium colloids were not 
significant. 
Calculation of the U(IV}-BCHA stability constant 
The U(IV)-BCHA results using the solubility 
product approach, are shown in Table 5. The presence of 
U(IV) was assumed based on the Eh evidence. The 
measured Eh values may be converted to the standard 
hydrogen electrode (Eshe) scale by adding 204 mY. The 
term values were calculated using the constants from 
NECK and K.iM9 (Table I), but modified to be consistent 
with the ionic strength of the mixtures (/=0.2). 
The experiments were conducted at various pH 
values. The effect of pH on the value oflogp is shown in 
Fig. 2. The slope of 4 is a consequence of the dissolution 
step of U02 dissolving to form U(OH)4' and the 
inclusion of this term in the side reaction coefficient. 
The conditionallogp values increased from 26.2±0.7 at 
pH 6.9, to 30.2±O.8 at pH 7.8 and 31.2±0.6 at pH 8.15. 
The solubilities of uranium in the presence of BCHA 
measured in this study are slightly higher than in 
Reference 4 for comparable BCHA concentrations. This 
may be due to differences in the solid phase, i.e., 
crystalline as against amorphous, andlor the difference 
between the HA used which may have been caused by 
the method of preparing the solid HA and the 
subsequent solutions. In addition, the BCHA 
concentrations in the two studies are not exactly the 
same, and this study was done in the absence of 
carbonate. 
U(JV) AHA study 
The U(IV)-AHA results are presented in Tables 6, 7 
and 8. The conditionallogpvalues were logp=29.0±1.3 
at pH 8.6, logp=25.6±1.2 at pH 7.5 and logP=21.1±O.9 
at pH 6.4. The changes in the logp values with pH are 
shown in Fig. 3. 
Table 3. Selected and estimated constants for uranium(IV) hydroxy species9 
Species Constant 10g,8(25 "C)(I - 0) 10,/1(25 "C)(I 0.2) 
U(OH),(am)/UO,'xH,O(am) logKsp -54.5 ± 1.0" 
UOH3+ log ,0" 13.6 ± 0.2"" 11.1 
U(OH),'+ log,ol' 26.9± 1.0" 24.4 
U(OH),. log ,013 37.3 ± 1.0" 34.8 
U(OH),(aq) log 1h4 46.0 ± 1.4" 43.5 
• Selected . 
•• Estimated. 
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Table 4. Data for measurement of solubility product ofU02(am) 
pH [OH] (Ulsgbuion A term Km log Km 
10.17 1.4SE-04 1.52E-OS 1.66E+33 4.3SE-57 -56.4 
S.90 7.94E-06 1.95E-OS I.3SE+2S 5.62E-57 -56.3 
10.45 2.S2E-04 7.93E-OS 2.19E+34 2.29E-56 -55.6 
S.lS 1.5 I E-06 1.9SE-OS I.S2E+25 5.7IE-57 -56.2 
7.04 1.I0E-07 4.94E-OS 5.02E+20 1.42E-56 -55.S 
6.97 9.33E-OS 1.93E-OS 2.63E+20 5.56E-57 -56.3 
S.20 I.5SE-06 9.63E-09 2.19E+25 2.7SE-57 -56.6 
Mean: -56.2 
S.D.: 0.31 
3.5e-9 
3e-9 
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Fig_ 1. Speciation ofuranium(IV) from pH 6 to 9 
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Table 5. U(IV}-BCHA data and derivation ofconditionallogpvalues. using the equilibrium constant expression incorporating 
the solubility product relationship for W+] 
[HA]~1>I. [U"1 i.e. 
M 
Log[HA]· pH E. [OIr] [UJ~1n K,.![0!!l~ A lenn [UBCHA] Log[UBCHA] f3 logf3 
2.15E-03 -2.67 7.84 -747 6.92E-07 7.67E-05 2.75E-32 6.62E+18 7.67E-05 -4.12 1.34E+30 30.1 
1.08E-03 -2.97 7.83 -680 6.76E-07 5.29E-05 3.02E-32 6.04E+18 5.29E-05 -4.28 1.71E+30 30.2 
4.30E-04 -3.37 7.80 -652 6.31E-07 2.64E-05 3.98E-32 4.58E+18 2.64E-05 -4.58 I.64E+30 30.2 
3.23E-04 -3.49 7.79 -642 6.17E-07 4.39E-05 4.37E-32 4.18E+18 4.39E-05 -4.36 3.61E+30 30.6 
2.15E-04 -3.67 7.81 -656 6.46E-07 7.00E-06 3.63E-32 5.02E+18 7.ooE-06 -5.15 9.27E+29 30.0 
1.08E-04 -3.97 7.78 -653 6.03E-07 4.62E-06 4.79E-32 3.81E+18 4.62E-06 -5.34 9.38E+29 30.0 
4.30E-05 -4.37 7.79 -648 6.17E-07 4.62E-06 4.37E-32 4.18E+18 4.62E-06 -5.34 2.76E+30 30.4 
Mean: 7.81 Mean: 30.2 
S.D.: 0.22 
4.30E-05 -4.37 8.20 -688 J.58E-06 5.JOE-06 1.00E-33 1.82E+20 5.IOE-06 -5.29 1.35E+32 32.1 
1.08E-04 -3.97 8.13 -687 1.35E-06 7.19E-06 1.91E-33 9.55E+19 7.19E-06 -5.14 3.76E+31 31.6 
2.15E-04 -3.67 8.11 -684 1.29E-06 7.19E-06 229E-33 7.95E+19 7.19E-06 -5.14 I.SIE+31 31.2 
4.30E-04 -3.37 8.09 -680 1.23E-06 9.89E-06 2.75E-33 6.6IE+19 9.89E-06 -5.00 8.S5E+30 30.9 
2.15E-03 -2.67 8.14 -681 1.38E-06 J.J2E-05 1.74E-33 1.05E+20 I.12E-05 -4.9S 3.01E+30 30.5 
2.15E-03 -2.67 8.18 -693 1.51E-06 3.52E-OS 1.20E-33 1.51E+20 3.52E-05 -4.45 1.38E+31 31.1 
2.1SE-03 -2.67 8.18 -701 J.51E-06 2.29E-OS 1.20E-33 1.51E+20 2.29E-05 -4.64 8.94E+30 31.0 
Mean: 8.15 Mean: 31.2 
S.D.: 0.56 
2.69E-04 -3.57 7.04 -621 1.I0E-07 1.08E-05 4.37E-29 4.25E+IS 1.08E-OS -4.97 9.S9E+26 27.0 
2.69E-04 -3.57 7.04 -583 I.JOE-07 9.85E-06 4.37E-29 4.25E+1S 9.85E-06 -5.01 8.72E+26 26.9 
5.38E-04 -3.27 6.97 -607 9.33E-08 1.l4E-OS 8.32E-29 2.24E+IS 1.34E-05 -4.87 3.07E+26 26.5 
5.38E-04 -3.27 6.97 -612 9.33E-08 1.2SE-05 8.32E-29 2.24E+15 1.25E-05 -4.90 2.86E+26 26.S 
1.08E-03 -2.97 6.87 -614 7.4IE-08 1.28E-05 2.09E-28 8.95E+14 1.28E-05 -4.89 5.77E+25 25.8 
1.08E-03 -2.97 6.87 -599 7.4IE-08 129E-OS 2.09E-28 8.95E+14 129E-OS -4.89 5.81E+25 25.8 
2.15E-03 -2.67 6.78 -604 6.Q3E-08 1.63E-OS 4.79E-28 3.93E+14 1.63E-OS -4.79 I.60E+2S 25.2 
2.ISE-03 -2.67 6.78 -622 6.03E-08 1.57E-OS 4.79E-28 3.93E+14 1.57E-OS -4.80 I.S4E+2S 25.2 
Mean: 6.90 
U(VI) BCHA complexation study at pH 8.0 
Preliminary experiments were performed using HCI 
and NaOH to produce suitable pH values. However. pH 
control was difficult. so subsequent experiments were 
performed using HEPES buffer_ Comparisons of the two 
sets of results indicated that the complexation of U(VI) 
by humic acid was not affected by the presence of the 
HEPES buffer. The UOrBCHA logp values obtained at 
pH 8.0 and ionic strength /=0_1, calculated using Eq. 
(I), are presented in Table 1. The ionic strength reflected 
the HEPES concentration_ The BCHA concentrations 
were derived from the total organic carbon (TOC) data 
supplied with the extract. BCHA was assumed to be 
comprised of 50% organic carbon and to possess a pH 
independent maximum proton exchange capacity of 
4.0'10-3 mol·"I.1 Since carbonate was absent, U(VI)-
carbonato species did not interfere, and the side reaction 
coefficient (A =4.09'103) was calculated by: 
A = I + PUO,(OHt [OH-] + PUO,(OH), [OW]2 + 
+ P UO, (011); [OW]3 + PUO,(0Il)l-[OW]4 
184 
Mean: 26.2 
S.D.: 0.67 
The Il values for the hydroxy species were derived 
from the values in the HATCHES database13 but 
adjusted, to be consistent with the ionic strength 
conditions employed in the experiments, i.e., /=0.1. The 
final and originally derived values were as follows: 
10gPuO,(OIl)+ = 8.32 (8_75), 10gPuO,(OH), = 15.21 
(15.85), 10gPuO,(OIl); =2Ll (21.75) and 
10gPuo,(Oll)l- =23.2 (23.6). The thermodynamic 
HATCHES values (/=0) are in brackets_ The 
experiments yielded a mean U02-BCHA logll value of 
7.93 at pH 8.0 with a standard deviation of 0.33_ 
Effect of pH on U(V/)-BCHA logfJ values 
Further U(VI)-BCHA experiments were conducted, 
using the same overall approach, but at pH values of5.9, 
7.0,7.2 and 8.1 still with /=0.1. The A term values were 
2.98, 46.5, 96.3 and 7150, respectively. The effect on 
the resulting U(VJ)-BCHA constants is displayed 
graphically in Fig. 4, the results are in Table 9. The log 
values of the constants increased from 4.42 at pH 5_9 to 
5.49 at pH 7, 5_65 at pH 7.2 and 7.93 at pH 8.1. 
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Table 6. U(IV}-AHA data at pH 8.4 and derivation of conditionallog,Bvalues, using the equilibrium constant expression incorporating 
the solubility product relationship for [U4+] 
(HAJ,M 
2.65E-03 
2.65E-03 
2.65E-03 
1.33E-03 
J.33E-03 
1.33E-03 
J.33E-03 
5.30E-04 
5.30E-04 
5.30E-04 
3.98E-04 
3.98E-04 
3.98E-04 
3.98E-04 
2.65E-04 
2.65E-04 
2.65E-04 
2.65E-04 
2.65E-04 
1.33E-04 
1.33E-04 
1.33E-04 
1.33E-04 
133E-04 
5.30E-05 
5.30E-05 
5.30E-05 
5.30E-05 
Mean: 
S.D.: 
LogfHAJ pH DPM 
-2.58 
-2.58 
-2.58 
-2.88 
-2.88 
-2.88 
-2.88 
-3.28 
-3.28 
-3.28 
-3.40 
-3.40 
-3.40 
-3.40 
-3.58 
-3.58 
-3.58 
-3.58 
-3.58 
-3.88 
-3.88 
-3.88 
-3.88 
-3.88 
-4.28 
-4.28 
-4.28 
-4.28 
8.23 882.1 
8.51 834.8 
8.78 891.9 
8.12 513.5 
8.42 610.4 
8.92 425.8 
8.30 333.0 
8.17 187.88 
8.78 196.99 
8.43 142.77 
8.92 19.87 
8.33 12.91 
8.42 36.64 
8.52 32.01 
8.37 13.69 
8.50 13.82 
8.70 10.96 
8.70 18.91 
8.31 18.57 
8.73 4.52 
8.65 5.21 
8.44 2.64 
8.58 
8.84 
8.39 
8.86 
8.30 
8.45 
8.58 
0.32 
31 
29 
27 
! 25 
~ 23 
21 
19 
3.87 
7.14 
6.41 
7.96 
3.26 
4.09 
unQlII (OH ) (V") A Tenn (UHAJ 
8.76E-06 1.70E-06 3.13E-31 2.40E+20 8.76E-06 
9.35E-06 3.24E-06 2.37E-32 3.16E+21 9.35E-06 
9.99E-06 6.03E-06 1.97E-33 3.80E+22 9.99E-06 
5.75E-06 J.32E-06 8.61E-31 8.71E+19 5.75E-06 
6.84E-06 2.63E-06 5.43E-32 J.38E+21 6.84E-06 
4.77E-06 8.32E-06 5.43E-34 1.38E+23 4.77E-06 
3.73E-06 2.00E-06 I.64E-31 4.57E+20 3.73E-06 
2.11E-06 1.48E-06 5.43E-31 1.38E+20 2.I1E-06 
2.21E-06 6.03E-06 1.97E-33 3.80E+22 221E-06 
1.60E-06 2.69E-06 4.95E-32 1.51E+21 1.60E-06 
2.23E-07 8.32E-06 5.43E-34 1.38E+23 223E-07 
1.45E-07 2.14E-06 1.24E-31 6.02E+20 1.45E-07 
4.I1E-07 2.63E-06 5.43E-32 J.38E+21 4.I1E-07 
3.59E-07 3.31E-06 2.16E-32 3.46E+21 3.59E-07 
1.53E-07 2.34E-06 8.61 E·32 8.71E+20 1.53E-07 
1.55E-07 3. 16E-06 2.60E-32 2.88E+21 1.55E-07 
1.23E-07 5.01E-06 4.1 2E·33 1.82E+22 1.23E-07 
9.99E-08 5.01E-06 4.12E-33 1.82E+22 9.98E-08 
9.61E-08 2.04E-06 1.50E-31 5.01E+20 9.60E-08 
5.07E-08 5.37E-06 3.13E-33 2.40E+22 5.06E-08 
5.84E-08 4.47E-06 6.53E-33 1.15E+22 5.83E-08 
2.96E-08 2.75E-06 4.52E-32 1.66E+21 2.95E-08 
4.34E-08 3.80E-06 1.2410-32 6.02E+21 4.33E-08 
8.00E-08 6.92E-06 1.1310-33 6.60E+22 8.00E-08 
7.19E-08 2.45E-06 7. 1 6E-32 1.05E+21 7.18E-08 
8.92E-08 7.24E-06 9A4E-34 7.93E+22 8.91E-OS 
3.66E-08 2.00E-06 11>110-31 4.57E+20 3.65E-08 
Log(UHAJ 
-5.06 
-5.03 
-5.00 
-5.24 
-5.16 
-5.32 
-5.43 
-5.68 
-5.66 
-5.S0 
-6.65 
-6.84 
-6.39 
-6.45 
-6.81 
-6.81 
-6.91 
-7.00 
-7.02 
-7.30 
-7.23 
-7.53 
fJ LogfJ 
1.06E+28 28.0 
1.49E+29 29.2 
1.92E+30 30.3 
5.07E+27 27.7 
9.55E+28 29.0 
6.65E+30 30.8 
I.72E+28 28.2 
7.34E+27 27.9 
2.12E+ 30 30.3 
6.1IE+28 28.8 
1.03E+30 30.0 
2.92E+27 27.5 
1.90E+28 283 
4.18E+28 28.6 
6.73E+27 27.8 
2.25E+28 28.4 
1.12E+29 29.1 
9.14E+28 29.0 
2.42E+27 27.4 
122E+29 29.1 
6.74E+28 28.8 
4.94E+27 27.7 
-7.36 2.63E+28 28.4 
-7.10 5.32E+29 29.7 
-7.14 1.89E+28 283 
-7.05 1.78E+30 30.3 
-7.44 4.20E+27 27.6 
4.59E-08 2.82E-06 4.1~1,·)2 I.S2E+21 4.58E-08 -7.34 2. 1 OE+28 28.3 
9.4.110·)2 1.98E-06 29.7 
1 "41.-31 3.IOE-06 1.32 
17+-------__ ------__ --
6.0 6.5 7.0 8.0 8.5 9.0 
pH 
Fig. 3. Variation ofU(lV, AliA Illg/lvalues with pH 
185 
P. WARWICK et a!.: STABILITY CONSTANTS OF U(VI) AND U(IV)-HtlMIC ACID COMPLEXES 
9 
• 
7 
.l'! 
.l! • ~ 
5 
4 
3 
5.' • ••• 7 7.5 • •. 5 
pH 
Fig. 4. Variation ofU(VI)-BCHA logftvalues with pH 
Table 7. U(N}-AHA data at pH 7.4 and derivation of conditionallogpvalues, using the equilibriwn constant expression 
incorporating the solubility product relationship for [U41 
[HAJ,M Log[HAJ eH DPM [1!LOIII [OH] ru4+] Atenn ruHAl LogruHAl t!. LoSt!. 
2.6SE-03 -2.58 7.80 793.2 l.ooE-OS 6.31E-07 I.64E-29 4.58E+18 1.00E-OS -S.OO 2.3IE+26 26.4 
2.6SE-03 -2.S8 7.79 897.5 1.0lE-OS 6.17E-07 1.80E-29 4.18E+18 1.0lE-OS -S.OO 2.12E+26 26.3 
2.6SE-03 -2.S8 7.81 728.4 8.16E-06 6.46E-07 I.S0E-29 S.02E+18 8.16E-06 -5.09 2.07E+26 26.3 
I.33E-03 -2.88 7.37 267.1 2.99E-06 2.34E-07 8.6lE-28 8.78E+!6 2.99E-06 -5.52 2.63E+24 24.4 
1.33E-03 -2.88 7.50 285.6 3.20E-06 3.16E·07 2.60E·28 2.90E+17 320E-06 -S.49 9.3IE+24 25.0 
1.33E-03 -2.88 7.70 267.8 3.ooE-06 S.OIE-07 4.12E-29 1.83E+!8 3.00E-06 -5.52 S.5IE+2S 2S.7 
1.33E-03 -2.88 7.70 301.5 3.38E-06 S.OIE-07 4.12E·29 1.83E+18 3.38E-06 -5.47 620E+25 25.8 
1.33E-03 -2.88 7.31 440.0 4.93E-06 2.04E-07 I.S0E-27 5.06E+16 4.93E-06 -5.31 2.50E+24 24.4 
5.30E-04 -3.28 7.33 111.62 1.2SE-06 2.14E-07 I 24E-27 6.08E+!6 1.2SE-06 -5.90 1.90E+24 24.3 
S.30E-04 -3.28 7.42 161.08 1.80E-06 2.63E-07 S.43E-28 1.39E+17 1.80E-06 -5.74 6.29E+24 24.8 
5.30E-04 -3.28 7.52 77.02 8.63E-07 3.3 I E-07 2.16E-28 3.49E+17 8.63E-07 -6.06 7.S4E+24 24.9 
3.98E-04 -3.40 7.12 22.74 2.SSE-07 1.32E-07 8.6IE-27 8.84E+!S 2.SSE-07 -6.59 7.45E+22 22.9 
3.98E-04 -3.40 7.42 20.29 ·2.27E-07 2.63E-07 S.43E-28 1.39E+17 2.27E-07 -6.64 1.05E+24 24.0 
3c98E-04 -3.40 7.30 14.14 1.S8E-07 2.00E-07 I.64E-27 4.61E+16 I.S8E-07 -6.80 2.43E+23 23.4 
3.98E·04 -3.40 7.25 24.04 2.69E-07 1.78E-07 2.6OE-27 2.92E+16 2.69E-07 -6.57 2.6IE+23 23.4 
2.6SE-04 -3.58 7.28 15.17 5.80E-08 1.91E-07 1.97E-27 3.84E+16 5.79E-08 -7.24 1.1IE+23 23.0 
2.6SE-04 -3.58 7.23 18.36 2.06E-07 1.70E-07 3.13E-27 2.43E+16 2.06E-07 -6.69 2.48E+23 23.4 
I.33E-04 -3.88 7.27 7.67 8.60E-08 1.86E-07 2.16E-27 3.50E+16 8.59E-08 -7.07 3.00E+23 23.5 
1.33E-04 -3.88 7.10 4.26 4.78E-08 1.26E-07 I.04E-26 7.36E+IS 4.77E-08 -7.32 3.48E+22 22.5 
1.33E-04 -3.88 7.78 3.57 4.00E-08 6.03E-07 1.97E-29 3.8IE+18 4.00E-08 -7.40 1.S3E+2S 25.2 
I.33E-04 -l.88 7.21 2.94 3.30E-08 1.62E·07 3.76E-27 2.02E+16 329E-08 -7.48 6.6IE+22 22.8 
S.30E-OS -4.28 7.73 6.71 7.S2E·08 S.37E-07 3.13E-29 2.4 lE+! 8 7.5IE-08 -7.12 4.54E+2S 2S.7 
Mean: 7.4S 1.80E-27 2.32E-06 25.6 
S.D.: 0.24 2.74E-27 3.23E-06 1.23 
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Table 8. U(IV}-AHA data at pH 6.4 and derivation of conditionallogpvalues, using the equilibrium constant expression incorporating 
the solubility product relationship for [U4+] 
[HA),M Log[HA) ~H DPM [illwlll [OH] 
2.65E-03 -2.58 6.63 724.4 8.12E-06 4.27E-08 
2.65E-03 -2.58 6.50 515.9 5.78E-06 3.16E-08 
2.65E-03 -2.58 6.30 614.9 6.89E-06 2.00E-08 
1.33E-03 -2.88 6.30 433.6 4.86E-06 2.00E-08 
1.33E-03 -2.88 6.69 179.5 2.0IE-06 4.90E-08 
1.33E-03 -2.88 6.08 204.4 2.29E-06 J.20E-08 
1.33E-03 -2.88 6.67 111.9 1.25E-06 4.68E-08 
5.30E-04 -3.28 6.15 76.37 8.56E-07 l.4lE-08 
5.30E-04 -3.28 6.10 95.71 1.07E-06 1.26E-08 
5.30E-04 -3.28 6.42 98.41 1.10E-06 2.63E-08 
5.30E-04 -3.28 6.12 97.76 1.10E-06 I.32E-08 
5.30E-04 -3.28 6.77 97.32 1.09E-06 5.89E-08 
3.98E-04 -3.40 6.38 22.42 2.5lE-07 1.40E-08 
3.98E-04 -3.40 6.68 19.14 2.14E-07 4.79E-08 
3.98E-04 -3.40 6.03 18.01 2.02E-07 1.07E-08 
2.65E-04 -3.58 6.58 17.09 1.92E-07 3.80E-08 
2.65E-04 -3.58 6.48 18.17 2.04E-07 3.02E-08 
2.65E-04 -3.58 6.58 13.44 1.51E-07 3.80E-08 
1.33E-04 -3.88 6.72 4.42 4.96E-08 5.25E-08 
5.30E-05 -4.28 6.39 4.02 4.50E-08 2.45E-08 
Mean: 6.43 
S.D.: 0.24 
Figure 5 shows the speciation of uranium(VI) in the 
absence of HA from pH 5 to 9. The calculations were 
carried out using the programme CHESS_1O Over the pH 
range used in this study the principle uranium species 
changes from UOi+ (aq), to U020W (aq), to 
U02(OHhO (aq) and final!y U02(OHh- (aq)_ The A 
term, used to calculate the logp values reflects this 
change and as a consequence the stability constant 
increases with a' slope reflecting, but not exactly 
matching, the number of hydroXide ions involved in the 
hydrolysis reactions of the UOi+ ion. A number of 
other reasons, apart from the conditional nature of the 
derived logp values, have been advanced to explain the 
increase with pH, e.g., (I) unfurling giving access to 
stronger sites, (2) increasing participation of the 
phenolic OH ligands present, (3) increasing formation of 
mixed hydroxy complexes, e.g., U(OH).!IA, or (4) 
increasing electrostatic effects due to the poly-
electrolytic properties of HA. Unfortunately, the 
experiments reported here do not provide the evidence 
needed to distinguish between these possible 
explanations. 
[U") A tenn [UHA) Log[UHA) I!. Log!!. 
7.85E-25 1.00E+!4 8.12E-06 -5.09 3.9lE+21 21.6 
2.60E-24 3.08E+13 5.78E-06 -5.24 8.4IE+20 20.9 
I.64E-23 5.07E+12 6.89E-06 -5.16 1.59E+20 20.2 
I.64E-23 5.07E+12 4.86E-06 -5.31 2.24E+20 20.4 
4.52E-25 1.73E+14 2.0IE-06 -5.70 3.36E+21 21.5 
1.24E-22 7.12E+11 2.29E-06 -5.64 1.39E+!9 19.1 
5.43E-25 I.44E+14 1.25E-06 -5.90 1.74E+21 21.2 
6.53E-23 1.32E+!2 8.56E-07 -6.07 2.48E+19 19.4 
I.04E-22 8.50E+11 1.07E-06 -5.97 1.96E+19 19.3 
5.43E-24 1.49E+!3 1.10E-06 -5.96 3.84E+20 20.6 
8.6IE-23 1.01E+12 1.10E-06 -5.96 2.41E+19 19.4 
2.16E-25 3.59E+14 1.09E-06 -5.96 9.53E+21 22.0 
7.85E-24 1.04E+13 2.5lE-07 -6.60 8.05E+19 19.9 
4.95E-25 1.58E+14 2.14E-07 -6.67 1.09E+21 21.0 
1.97E-22 4.57E+11 2.02E-07 -6.70 2.57E+!8 18.4 
1.24E-24 6.36E+13 1.9lE-07 -6.72 5.8IE+20 20.8 
3.13E-24 2.57E+13 2.04E-07 -6.69 2.46E+20 20.4 
1.24E-24 6.36E+13 1.51E-07 -6.82 4.57E+20 20.7 
3.43E-25 2.28E+14 4.95E-08 -7.31 1.09E+21 21.0 
7. I 6E-24 1.14E+13 4.50E-08 -7.35 1.19E+20 20.1 
3.20E-23 1.89E-06 2Ll 
5.47E-23 2.47E-06 0.93 
U(VJ) Aldrich HA complexation study at pH 8.4 
The U(VI}-AHA results are given in Table 2_ The 
maximum AHA proton exchange capacity was assumed 
to be 5.3'10-3 mol g-I,I and the A term was calculated to 
be 1.11-106, at J= OJ and pH 8.4. An average logpvalue 
of 9.1 with a standard deviation of 025 was obtained. 
Further experiments, conducted at different pH values 
(see below), suggested that the increase in the value 
reflected the higher pH of the AHA experiment rather 
than intrinsic differences between U(VI}-BCHA and 
U(Vl}-AHA reactions. 
The BCHA and AHA Schubert plots based on Eq. 
(1) are shown in Fig_ 6. The observed slopes of 
approximately one imply I : 1 U (VI) to HA 
stoichiometries, i.e., n= I in Eq. (1)_5 The intercepts 
provided further estimates of the logp values 
(BCHA= 8.94, AHA=9.02), but because long 
extrapolations were involved, means of the individual 
values were considered to be more reliable. A summary 
ofal! the measured logpvalues is shown in Table 10. 
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Table 9. Data for U(VI) BCHA stability constant measurements at various pHs 
[HA]. M-' d(!m D Atenn IOg[(QiDl::I]A Lo8i! 
2.14E-03 600.0 0.417 2.98 1.26 3.93 
1.07E-03 741.0 0.147 2.98 1.75 4.72 
5.25E-04 520.2 0.634 2.98 1.04 4.32 
2.63E-04 426.2 0.994 2.98 0.77 4.35 
1.32E-04 361.2 1.353 2.98 0.55 4.43 
6.6IE-05 300.4 1.830 2.98 026 4.44 
Mean: 4.42 
pH5.9 s.d.: 0.26 
1.91E-03 645.7 0.316 46.5 2.59 5.31 
9.55E-04 604.3 0.407 46.5 2.46 5.48 
4.79E-04 524.7 0.620 46.5 2.24 5.56 
2.40E-04 425.1 0.999 46.5 1.96 5.58 
1.17E-04 346.7 1.452 46.5 1.68 5.61 
5.89E-05 255.6 2.325 46.5 1.10 5.33 
Mean: 5.49 
pH7 s.d.: 0.13 
1.86E-03 583.3 0.457 96.3 2.72 5.45 
9.33E-04 514.4 0.652 96.3 2.53 5.56 
4.68E-04 471.3 0.804 96.3 2.41 5.74 
2.34E-04 340.3 1.498 96.3 1.97 5.60 
1.15E-04 249.0 2.414 96.3 1.33 5.27 
5.75E-05 2922 1.909 96.3 1.72 5.96 
Mean: 5.65 
pH 72 s.d.: 0.24 
3.80E-03 800.6 0.062 7150 5.52 7.94 
1.91E-03 645.7 0.316 7150 4.77 7.49 
9.55E-04 664.3 0.279 7150 4.83 7.85 
4.79E-04 523.0 0.625 7150 4.42 7.74 
2.40E-04 455.1 0.868 7150 4.23 7.85 
1.17E-04 409.2 1.077 7150 - 4.09 8.02 
5.89E-OS 360.8 1.356 7150 3.92 8.15 
2.95E-05 241.4 2.522 7150 3.08 7.61 
4.27E-03 802.7 0.059 7150 5.54 7.91 
2.14E-03 725.7 0.171 7150 5.06 7.73 
1.07E-03 616.0 0.380 7150 4.68 7.65 
5.25E-04 515.7 0.648 7150 4.40 7.68 
2.63E-04 469.0 0.812 7150 4.27 7.85 
6.6IE-05 321.5 1.644 7150 3.75 7.93 
3.3IE-05 268.7 2.164 7150 3.41 7.89 
8.32E-06 216.9 2.918 7150 1.89 6.97 
4.17E-06 250.S 2.390 7150 3.22 S.60 
Mean: 7.93 
pHS.I s.d.: 0.46 
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Table 10, Sumnu~ ull'~/1 \alu\."S 
Humic pH 141\'11"171/ U(VQlogO 
BCHA 8.0 7.94 ± 0.33 
AHA 8.4 9.13 ± 0.25 
BCHA 5.9 4.42 ± 0.26 
BCHA 7.0 5.49 ± 0.13 
BCHA 7.2 5.65 ± 0.24 
BCHA 8.1 7.93 ± 0.46 
BCHA 7.8 30.2:!: 0.22 
BCHA 8.2 ll.~ ± 0.56 
BCHA 6.9 1'fI.2 ± 0.67 
AHA 8.6 1'9.7 ± 1.32 
AHA 7.5 1'~.h:!: 1.23 
AHA 6.4 21.1 ± 0.93 
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Conclusions 
Under the anaerobic, carbonate free, conditions used 
the graphically derived logp values for the BCRA 
complexes at pR 8.2, were (from Fig. 4) 
U(VI}-BCRA=7.91 (s.d.=0.39) and (from Fig. 2) 
U(IV}-BCRA=31.66 (s.d.=0.33). The AHA constants 
were generally similar to the BCRA constants. 
Compared with the Schubert approach, the solubility 
product method has certain merits, e.g., the complication 
of the resin solid phase is avoided because the insoluble 
precipitate itself generates a solid liquid distribution, 
also the pR does not have to be controlled only known 
and the maintenance and measurement of the redox state 
of the system is facilitated. It is envisaged that the same 
approach will be used to obtain Pu-BCRA constants. 
• 
Parts of this study was carried out as part of the TRANCOM2 
Project. which is in part funded within the frame of the European 
Commission's R & D Programme on the Management and Storage of 
Radioactive Waste under Contract No. FIKW-CT -2000-00008. 
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Summary 
The migration behaviour of Americium through Boom clay, which is rich in organic 
matter, has been investigated by complexing 241Am with 14C-labelled Boom Clay 
Natural Organic Matter (NOM) and passing the resulting 241Am.I4COM through 
undisturbed Boom Clay cores contained in columns. 
In the presence of soluble organic matter, the total concentration of Am in solution 
increases several orders of magnitude above the solubility limit due to OM 
complexationlcolloids fonnation which could lead to an increased Americium 
mobility in Boom Clay. The mobility of these complexes depends strongly on their 
stability and on their interaction with the solid phase (sorption, filtration ... ). 
Upon contacting the 241Am_14COM mobile complexes with Boom Clay, the major 
part of Am becomes almost instantaneously dissociated and immobilised, while only 
a small fraction persists as "stabilised complex" which migrates along with the mobile 
OM. By increasing the travel time in the clay, the recovery of these complexes was 
observed to decrease. This decrease could be fitted by first order kinetics of 10.8 S·I 
indicating a slow dissociation of these "stabilised" mobile complexes. 
Key Words: Am migration, Boom Clay, organic matter, humic colloids, kinetics 
1. Introduction 
In demonstrating the suitability of Boom Clay as reference site for studying the 
disposal of radioactive waste, the role of the relatively high amount of Natural 
Organic Matter (NOM) present in Boom Clay on the mobility of critical radionucIides 
needs to be investigated thoroughly. Trivalent actinides and lanthanides are known to 
form strong complexes With humic substances. Metal binding With NOM has been 
described [1-8] as an initial binding With the "exchangeable" part of the NOM. With 
time, the metal can transfer to the "non-exchangeable" fraction, where it becomes 
trapped and is then transported along with the NOM (colloid mediated transport). 
Since the metal is trapped, release of the metal occurs more slowly and is kinetically 
controlled. The retention of the radionucIide then depends on this dissociation and 
possible retention (sorption, filtration,) of the mobile radionucIide-OM complex. 
Boom Clay is rich in organic matter, Total Organic Carbon (TOe) values are typically 
between 1-5% [9-11] while the porewater contains - 115 ppm of Dissolved Organic 
Carbon (DOC) [12], or less then 0.1% of the organic matter is present in the 
porewater. Complexation of these trivalent radionucIides With NOM present in Boom 
Clay Will on the one hand retard the migration due to complexation With the immobile 
NOM, and on the other hand the mobility of the radionucIide can be enhanced by the 
formation of complexes With the mobile NOM. The stability of these complexes is 
therefore a key question. 
The migration behaviour of Americium (used as an analogue for the critical 
radionucIide Pu) was investigated by complexing 241Am With 14C-labelled NOM 
before passing through undisturbed Boom Clay cores contained in columns. The use 
of two different radionuclides, allows the migration behaviour of both the NOM and 
the Am to be followed. 
First experiments of this kind were initiated during the EC project Trancom-Clay (4th 
EURATOM framework programme), using OM of different size fractions [13,14]. It 
was however noticed that the migration set-up used, was not entirely appropriate due 
to side effects such as sorption to the stainless steel tubing and filters. 
Nevertheless, the experimental results showed that the introduced Am-OM complexes 
dissociated instantaneously and only a very small part of the Am, the "non-
exchangeable" fraction, migrated through the Boom Clay core linked to the organic 
matter. Besides this initial breakthrough of a tiny Am fraction together with the NOM, 
these experiments also seemed to develop a constant concentration at the outlet, 
resembling a solubility like process, however the concentrations differ from 
experiment to experiment: 0.8-3 10-12 molJl and are some orders of magnitude lower 
than the solubility. Since these experiments used an initial high loading of Am, the 
presence of an Am precipitated phase could not be excluded [11,13]. 
No information could however be obtained on the stability of the "non-exchangeable" 
fraction, neither on the role of the immobile NOM. 
The results could not be interpreted by an equilibrium approach using complexation 
data and/or equilibrium sorption. It was clear that kinetic effects were playing an 
important role. 
New experiments with an optimised set-up were used in the Trancom-II project (5th 
EURATOM framework programme [11,15]). By varying the plug length and the 
Darcy velocity, kinetics effect could be studied. These experiments were conducted 
using a newly prepared batch of 14C-labeUed OM ct4c-TROM34), with a distinct size 
distribution. The radionuc1ide source was characterised by ultrafiltration to determine 
the size distribution and possible presence of Am precipitated phases. This paper 
describes the experimental results of these column migration tests, while an 
accompanying paper by Hicks et al. [16] will present the development of a transport 
model POPCORN [11] which describes and evaluates the influence of NOM on 
radionuclide transport taking into account attachment/detachment rates of NOM to the 
clay surface and kinetics of radionuclide complexation to, and destabilisation from, 
NOM. 
2. Experimental 
2.1 Column experiments 
The Boom Clay samples used for the migration experiments are cored in the HADES 
underground research facility (Mol, Belgium) making use of stainless steel cutting 
edges and were conserved in their original sealed cutting edges at 4° C (to prevent 
dehydration and oxidation). On the starting day of the experiment the cores were 
extruded from their cutting edge under laboratory atmosphere through the aid of a 
hydraulic press and immediately transferred to an anaerobic glovebox with an 
Ar/O.4% C02. Stainless steel migration cells with an internal diameter of 3.8 10-2 m 
are filled with 2 clay cores of varying plug dimensions but with a total length of 7 10-2 
m. These migration cells have a sharp edge at both ends which removes the outer rim 
of the clay cores (which has been in contact with air) when they are pressed inside the 
migration cell. In between the clay cores, an aliquot (200 /11) of the 241Arn_ 
14CTROM34 suspension is spiked directly on the surface of the transversal section. 
These cells are equipped with an inlet and outlet flange. The outlet flange is made of 
PEEK® and fitted with a Teflon filter. All fittings and tubing's mounted to the outlet 
flange are in PEEK® material. These highly inert materials were chosen to prevent 
sorption of the radionuclide and OM. These migration cells are then connected by the 
inlet flange to a pressure vessel containing Real Boom Clay Water at a pressure of 
about 1 MPa and Real Boom Clay Water (RBCW, sampled anaerobically from the 
EGIBS piezometer installed in the HADES underground research facility) is 
percolated through the clay cores. The water percolating from the outlet flange is 
sampled and the 14C (Liquid scintillation Counting) and 241Am (Total Alpha) 
activities are measured to construct the breakthrough curves. A schematic 
representation of the migration experimental set up ("percolation type") is given in 
figure I. Loading of the clay cores, spiking of the radionuclide solution and 
confinement is done in a glovebox under anaerobic atmosphere (Ar/0.4%C02). The 
migration experiment itself is conducted outside the glovebox under normal 
laboratory atmosphere in a thermostatic room (25°C). 
2.1 Source preparation and characterisation 
A concentrated solution of mobile Boom Clay Organic Matter was obtained by 
extracting the organic matter from real Boom Clay Water with DEAE-celluIose 
according to a procedure developed by Miles [17] and used in the Trancom-Clay 
project [11]. The concentrated OM batches obtained according to this procedure are 
coded TROM x. Batch TROM34 was used by Loughborough University for radio 
labelling with 14C via reductive methylation with 14C-formaldehyde [13]. The 
obtained labelled 14C_TROM34 solution had the following characteristics: HA 
(Humic Acid) fraction, TOC = 5316 mg/l, specific activity = 6.42105 Bq/ml. The Am 
solution had the following characteristics: 241 Am in IM of IIN03 and an Am activity 
of 1.86 106 Bqlml. 
To prepare the 241AmYCTROM34 double labelled solution, the 14C labelled 
TROM34 sample was taken from its storage (refrigerator) and transferred into an 
anaerobic glovebox (Ar/0.4%C02). The tube with the sample was opened in the 
glovebox to let the oxygen contaminated air mix with the glovebox atmosphere. The 
tube was closed, shaken and reopened several times to enhance the removal of 
dissolved oxygen from the aqueous phase. Then the tube was left open for 1 hour in 
the glovebox atmosphere. A Nalgene tube of 50 ml was filled with 20 ml of oxygen 
free Synthetic Boom Clay Water (SBCW) and 004 ml of 14C labelled TROM34 were 
added. Then 0.04 ml of the acidic 24 lAm solution were added to the solution followed 
by 0.04 ml of IN NaOH to neutralise the pH. The pH was 8.18, and the solution was 
further bubbled with an ArI004%C02 mixture for 2 hours, to remove all traces of 
oxygen and to equilibrate with the glovebox atmosphere. After bubbling the pH 
remained at 8.18. This resulted in a solution with a final OM concentration of 103.8 
mgC/l, a 14C activity of 1.25 104 Bq/ml, a 241Am activity of 3.63 103 Bq/ml and an 
[Am] concentration of 1.2 10-7 molll. The composition of Synthetic Boom Clay Water 
(SBCW) was based on the RBCW water sampled from the EGIBS piezometer and 
was prepared under anaerobic conditions, with degassed water and salts, and contains 
no organic matter (see De Craen et al. [12] for more details on the Boom Clay pore 
water chemistry). 
The size distribution of the labelled organic matter solutions was determined using 
Ultrafiltration membranes of different cut-off values: 0.2 !lm (Millipore Millix-GV 
0.2 !lm syringe filter), 100 000, 30 000, 10 000 and 1 000 MWCO (Life sciences 
Microsep OMEGA lOOK, 30K, 10K and lK, polyethersulfone, 0046 cm2 effective 
filter surface). All handlings are performed in anaerobic glove boxes (ArI004%C02 or 
ArIH21004%C02). Successive filtration was performed to check for sorption on the 
filter membranes. A 0.5-1.5 m1 sample of the labelled solution was put on a 
centrifugal filter device and centrifuged at 2500 g for 30 minutes (or longer if 
required) with a Jouan BB3V centrifuge. From the filtered solutions an aliquot was 
taken for ganuna-counting (Am-ganuna activity) and LSC-counting (14C_beta activity 
and 24lAm_alpha activity). The remaining part of the filtered solution was put on a 
fresh filter device of same MWeO and filtered again. The bi-filtered solution was 
again sampled for gamma-counting and LSe counting. If there are differences 
between both filtrations, we have an indication of sorption to the filter device and 
based on an RI (distribution coefficient)-Iike approach corrections can be made. 
Based on the activities measured on non-filtered and filtered solutions a size 
distribution diagram is constructed. 
3. Results and discussion 
The size distribution of the 14eTROM34 is characterised by a dominant fraction of 
molecules with a size between 100 000 and 30 000 MWeO and a fraction smaller 
than 10 000 MWeO. The 14e_OM size distribution of the solution complexed with 
Am resembles the size distribution of the original 14C_OM labelled solution and the 
Am is distributed nicely over the different OM size fractions indicating that the 
complexation of Am is homogeneous over the different size fractions (Fig. 2). 
A similar solution of _10.7 molll Am was prepared in synthetic Boom Clay water to 
determine the solubility in the absence of dissolved organic matter. Following the 
same ultrafiltration procedure, the solid fraction was removed at 0.22 !lm while the 
remaining part of the Am was smaller than 1 000 MWCO resulting in a solubility 
value of 2 10.8 molll. In presence of dissolved organic matter, the total concentration 
of Am could increase up to lA 10-6 molll as determined during the Trancom-Clay 
project (after ultracentrifugation for 60 hrs at 27000 g) [13]. 
For the 24IAm)4CTROM34, it is clear that the organic matter keeps the Am in 
solution by fonning Am-OM complexes/colloids with size> 30 000 MWeO. 
The improved percolation type set up was used to conduct a series of migration 
experiments with the new prepared 241Am)4CTROM34 double labelled solution. The 
interaction time of the Am-OM complexes with the solid phase is varied by using 
different clay plug lengths (Lplug) through which the Am-OM complex has to migrate 
and by different water velocities (Darcy velocity, Vd) (See Table 1 and Fig. 3 and 4). 
When contacting the Am-OM complexes with Boom Clay, the major part of the Am 
is immobilised pointing to an almost instantaneous dissociation of the "easily 
exchangeable fraction". It is however not known if the Am becomes sorbed to the 
mineral phase or complexed to the immobile OM. 
A slightly retarded breakthrough (with respect to the bulk of the OM breakthrough) of 
a tiny fraction of Am «0.1 % of the initial inventory) is again observed which is 
correlated with the OM breakthrough (figures 3, 4). By increasing the travel time (by 
. lowering the Darcy velocity or by using a longer clay plug), this Am breakthrough 
peak is suppressed. This is better visualised by plotting the Am recoveries to the ratio 
LplugiV <!arcy (dimension of time = travel time). Plotting the results this way, an 
exponential decrease is observed which can be fitted by a decay function (Figure5), 
indicating a further, much slower, dissociation of the "non-exchangeable fraction". A 
kinetic constant of 8 1O.g S·I (corresponding to a half life of 97 days) was obtained. 
Bryan et al. [6-8] also described the dissociation of the non-exchangeable fraction by 
first order kinetics with constants of similar magnitude. From the fitted decay function 
an estimate of the amount of non-exchangeable Am-OM complexes initially present, 
can be made and was found to be -0.13 %. This percentage is similar to the amount of 
OM which is considered to be mobile in the Boom Clay. This might indicate that the 
immobilisation mechanism at the start, is mainly due to a redistribution of the Am 
from the mobile fraction towards the dominant immobile fraction. 
Within the limits of detection for 241Am (5 10.14 mol/l), we could not observe the 
development of a constant concentration (see introduction), but much lower initial 
concentrations were used and no solid Am phase was initially present. 
Now that we have evidence that these non-exchangeable mobile Am-OM complexes 
are prone to dissociation but with a slow kinetics. The problem is how best to describe 
the "association" behaviour of Am to the matrix? Sorption to the mineral phase 
(equilibrium or kinetic controlled), or recomplexation of Am to the immobile OM 
(equilibrium or kinetic controlled association/dissociation)? This will be investigated 
through dedicated sorption experiments. 
4. Conclusions 
On a laboratory scale, dissolved OM is found to be responsible for increasing the 
mobility of Am as a small fraction of Am is able to form temporarily stable 
complexes with mobile OM and is transported along with the organics. However there 
is evidence that these complexes are susceptible to slow dissociation kinetics. 
In order to make the conceptual description of the Am migration behaviour complete, 
it is now necessary to detennine the association/dissociation behaviour of Am with 
the solid matrix: i.e. can this be described by equilibrium sorption and/or 
complexation or by kinetic association/dissociation? 
Acknowledgement 
This work was financed by the European Commission as part of EURATOM specific 
progranune on "nuclear Energy" (1988-2002), Key action on Nuclear Fission Area: 
"Safety of the Fuel Cycle-Waste and spent fuel management and disposal" under the 
contract TRANCOM-II (FIKW-CT-2000-00008). NlRAS/ONDRAF is acknowledged 
for the co-financing of the TRANCOM-II project under contract CCHO-98/332. The 
critical follow-up and fruitful discussions by Mrs. A. Dierckx and Mr. R. Gens from 
NIRAS/ONDRAF are very much appreciated. 
References 
1. Cacheris, W.P., Choppin, G.R.: Dissociation kinetics of thorium-humate complex. 
Radiochim. Acta, 33, 51-56 (1987). 
2. Choppin, G.R., Clark, S.B.: The kinetic interactions of metal ions with humic acid. 
Marine Chem. 36,27-38 (1991). 
3. Artinger, R., Kienzler, B., Scht1Bler, W., Kim, 1.1.: Effects of humic substances on 
the 24lAm migration in a sandy aquifer: column experiments with Gorleben 
groundwaterlsediment systems. J. Cont. Hydro!. 35, 261-275 (1998). 
4. Warwick, P., Hall, A., Pashley, V., Bryan, N.D., Griffin, D.: Modeling the effect of 
humic substances on the transport of europium through porous media: a comparison 
of equilibrium and equilibriumlkinetic models. J. Cont. Hydro!', 42, 19-34 (2000). 
5. SchiiJ3ler, W., Artinger, R., Kim, J.I., Bryan, N.D., Griffin, D.: Numerical modeling 
of humic colloid borne Americium (III) migration in column experiments using the 
transportlspeciation code KID and the KlCAM mode!. J. Cont. Hydro!. 47, 311-322 
(2001). 
6. Bryan, N.D., Jones, D.M., Keepax, R., Warwick, P., Stephens, S., Higgo, J,J.W.: 
An experimental and modeling study of metal Ionlhumate non-exchangeable binding. 
In: Humic substances in performance assessment of nuclear waste disposal: actinide 
and iodine migration in the far-field (G. Buckau, Ed.), First technical progress report 
FZKA 6800, Forschungszentrum Karlsruhe, pp. 147-189,2003. 
7. Bryan, N.D.: Accounting for chemical kinetics in field scale transport calculations. 
In Humic substances in performance assessment of nuclear waste disposal: actinide 
and iodine migration in the far-field (G. Buckau, Ed.), Third technical progress report 
FZKA 7070, pp. 59-79 (2005). 
8. Bryan, N.D., Bernhard, G., Geipel, G., Heise, K.H., Schmeide, K., Benes, P.: 
Migration case studies and the implications of humic substances for the radiological 
performance assessment of radioactive waste repositories. In Humic substances in 
performance assessment of nuclear waste disposal: actinide and iodine migration in 
the far-field (G. Buckau, Ed.), Third technical progress report FZKA 7070, pp. 83-114 
(2005). 
9. Van Geet, M., Maes, N., Dierckx, A.: Characteristics of the Boom Clay organic 
matter, a review. Geological Survey of Belgium Professional Paper 200311 N. 298 
(2003). 
10. Van Geet, M.: Characterisation of Boom Clay organic matter: mobile and 
immobile fraction. SCK-CEN report R-3884, Mol, Belgium (2004). 
I I. Maes, N., Wang, L., Delecaut, G., Beauwens, T., Van Geet, M., Put, M., 
Weetjens, E., Marivoet, J., van der Lee, J., Warwick, P., Hall, A., Walker, G., Maes, 
A., Bruggeman, C., Bennett, D., Hicks, T., Higgo, J., Galson, D.: Migration Case 
Study: Transport of radionuclides in a reducing clay sediment (TRANCOM-II), 
European Commission, Nuclear Science and Technology Final Report EUR 21022 
EN, Luxembourg (2004), and Final Scientific and Technical Report of the 
TRANCOM-II EC project, SCK-CEN Report BLG-988, Mol, Belgium (2004). 
12. De Craen, M., Wang, L., Van Geet, M., Moors H.: Geochemistry of Boom clay 
pore water at the Mol site. Status 2004. SCK-CEN Report BLG-990, Mol, Belgium 
(2004). 
13. Dierckx, A., Put, M., De Canniere, P., Wang, 1., Maes, N., Aertsens, M., Maes, 
A, Vancluysen, J., Verdickt, W., Gielen, R., Christiaens, M., Warwick, P., Hall, A., 
van der Lee, J.: Trancom-Clay-Transport of radionuclides due to complexation with 
Organic Matter in Clay fonnations, European Commision Nuclear Science and 
Technology Final Report EURI9135EN, Luxembourg (2000). 
14. Dierckx, A., Wang, 1., Put, M., Moors, H., Maes, N., De Canniere, P., Van der 
Lee, J., Maes, A, Warwick, P., Hall, A: The influence of organic matter on 
radionuclide transport - The Trancom-Clay project. In: Euradwaste 1999, Radioactive 
waste management strategies and issues. (C. Davies, Ed.) European Commission 
Nuclear Science and Technology EUR19143EN, pp. 382, Luxembourg (2000). 
15. Maes, N., Wang, L., Delecaut, G., Beauwens, T., Van Geet, M., Put, M., 
Weegens, E., Marivoet, J., van der Lee, J., Warwick, P., Hall, A., Walker, G., Maes, 
A., Bruggeman, C., Bennett, D., Hicks, T., Higgo, J., Galson, D.: Migration Case 
Study: Transport of radionuclides in a reducing clay sediment (TRANCOM-II). In: 
Euradwaste'04 Radioactive waste management Community policy and research 
initiatives (C. Davies, Ed), European Commission Nuclear Science and Technology 
EUR21027, pp. 399, Luxembourg (2004). 
16. Hicks, T., Bennett, D., Maes, N., Wang, 1., Warwick, P., Dierckx, A.: The role of 
natural organic matter in the migration behaviour of americium in the Boom Clay -
Part II: analysis of migration experiments, This issue (2006). 
17. Miles, C.J., Tuschal, J.R., Brezonic, P.1.: Isolation of aquatic humus with 
diethylaminoethylcelIulose. Anal. Chern. 55,410-411 (1983). 
Figure Captions: 
Figure 1: Principle set-up of a percolation type migration experiment. 
Figure 2: Size distribution of the complexes Of 241 Am with 14C-labelled NOM (DL, 
double labelled solution) compared to the size distribution of the 14C-labelled NOM 
(original) solution. 
Figure 3: Detail on the 241 Am breakthrough curves for the 241Am)4C_OM double 
label experiments at different Darcy velocities, Vd (10.9 mls), and plug lengths, Lplug 
(10-2 m). 
Figure 4: Detail on the 14COM breakthrough curves for the the 241 Am)4C-OM double 
label experiments at different Darcy velocities,Vd (10.9 mls), and plug lengths, Lplug 
(10.2 m). 
Figure 5: Influence of the "travel time" (plug lengthlVdarcy) of the "non-
exchangeable fraction" of Am-OM complexes through Boom Clay on the Am 
recovery. 
Table captions 
Table 1: Overview of241Am)4C_OM double label experiments at different Darcy 
velocities, V d, and plug lenghts, Lplug. 
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Figure 1: Principle set-up of a percolation type migration experiment. 
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Table 1: Overview oC 241Am_14C_OM double label experiments at different Darcy 
velocities,Vd, and plug lenghts, Lp1ug• 
P .... V~ . " .. Lp! ..• "C-rec . "'Am-ree 
[MPsl . [misl. .... • [I ''"11 [%1 [%1 10~ m . 
LowPAmCOM 0.85 3.110-' .'. 3.6 71.6 0.062 
(550days) I··· "-- ,. ' .•......•........• 
MePAmCOM 0.94 ..•.... 4.110:' 3.6 70.5 0.058 
(550 days) I . .... i , 
HiPAmCOM 129 ......... 1.8 Hr' 3.6 58.6 0.014 
(550 days) '.' ....... 
. 
ShortAmCOM 0.94 1.7 10-' I·· .. '. 1.2 ". 74.6 0.081 
(550 days) . " ' .. 
LongAmCOM 0.91 1.9 10-' I ' .. 6.0 . 57.6 0.012 
(550 daYSL • 
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Summary 
The migration behaviour of Americium through Boom Clay, which is rich in organic 
matter, has been investigated by complexing 241 Am with 14C-labelled Boom Clay 
Natural Organic Matter (NOM), passing the resulting 241Am-OM through undisturbed 
Boom Clay cores contained in columns, and analysing the results using the 
POPCORN radionuclide transport model. 
The migration experiments revealed that a major part of the 241 Am-OM complex 
rapidly dissociates and is immobilised on contact with the Boom Clay, while only a 
small fraction persists and migrates along with the mobile OM. These findings have 
been reported in an accompanying paper by Maes et al. (2005). The migration 
behaviour of241Am_OM has been analysed using the POPCORN model. POPCORN 
assumes linear kinetic models of complexation and dissociation Of 241 Am and NOM 
and attachment and release of NOM at the clay surface (filtration). It has proven 
possible to simulate the results of different migration experiments using a generally 
consistent set of transport parameter values while varying the values of the kinetic 
terms. There are apparent correlations between both the rate of 241 Am-OM filtration 
and the rate of241Am_OM complexationldissociation and the travel time through the 
clay cores. The finding that filtration and dissociation of241Am_OM appear to 
decrease with travel time supports the idea that a small fraction of mobile 241 Am-OM 
dissociates relatively slowly. 
Key Words: Radionuclide migration modelling, Am migration, Boom Clay, 
organic matter, humic colloids, kinetics. 
1 Introduction 
In demonstrating the suitability of Boom Clay as a reference site for studying the 
disposal of radioactive waste in Belgium, the role of the relatively high amount of 
Natural Organic Matter (NOM) present in the Boom Clay on the mobility of critical 
radionuclides needs to be investigated thoroughly. Trivalent actinides and lanthanides 
form strong complexes with humic substances. The accompanying paper by Maes et 
al. (2005) discusses the potential migration behaviour of such complexes in the Boom 
Clay and a number of experiments that have been undertaken to investigate the 
migration of Am (used as an analogue for Pu) through Boom Clay cores. 
The fIrst experiments were initiated during the EC project Trancom-Clay (4th Euratom 
framework programme), using OM of different size fractions (Dierckx et al. 2000a;b). 
The experimental results showed that Am-OM complexes introduced to the Boom 
Clay cores dissociated instantaneously and only a very small part of the Am, a "non-
exchangeable" fraction, migrated through the Boom Clay core linked to the OM. New 
experiments were undertaken in the Trancom-II project (5 th Euratom framework 
programme (Maes et al., 2004a;b» that were aimed at investigating the kinetic effects 
that appeared to be dominating the Am transport. These experiments were conducted 
using two batches of 14C_labelled OM: the JROM6 batch that had been used in the 
Trancom-Clay project and a newly prepared TROM34 batch. 
This paper describes the development of the transport model POPCORN (Maes et al., 
2004a), which describes and evaluates the influence of NOM on radionuclide 
transport taking into account attachment/detachment rates of NOM to the clay surface 
and kinetics of radionuclide complexation to, and destabilisation from, NOM. The 
paper also presents the results of POPCORN's application to analyse the Am-OM 
migration experiments. 
2 The POPCORN RadionucIide Transport Model 
The POPCORN radionuclide transport model includes representation of the effects of 
NOM on radionuclide migration. In the POPCORN model, radionuclides (RN) may 
be transported by advection and dispersion in solution or associated with mobile 
NOM (Le. by RN-OM complexation). The NOM may be immobilised as a result of 
attachment to the clay surface (i.e. by filtration). The following one-dimensional 
equations for transport of radio nu elides in solution, complexed with mobile OM, and 
complexed with immobile OM in a porous medium are solved: 
(1) 
(2) 
(3) 
where Cs, Cm, and cf(Bq m·3) are the concentrations of radionuclides in solution, 
complexed with mobile OM, and complexed with immobile OM, and rps and ~ are 
the diffusion accessible porosities for the solute and OM, respectively. 
Linear, reversible, instantaneous adsorption of dissolved radionuclides on materials at 
the clay surface, such as fixed OM or clay minerals, is assumed according to the 
retardation coefficient Rs. RN-OM complexation is described by a linear, reversible, 
kinetic model that is analogous to a non-instantaneous adsorption-desorption model 
(de Marsily, 1986). The term Km (S·I) is a kinetic constant for the complexation 
reaction for radionuclides and mobile OM, and the dimensionless term Km is 
effectively a partition coefficient for the reaction. Km may be expressed in the form Km 
= K.,t"p,m where K.,tm (m3/kg) is equivalent to a distribution coefficient and am (kg/m3) 
is the mass of mobile OM per unit fluid volume. The term Km(Km~cJt/lm- cm) in the 
above equations represents mass transfer between radionuclides in the dissolved 
phase and radionuc1ides complexed with mobile OM. Similarly, the term KJKit/JscJ t/lm 
- cf) represents mass transfer between radionuclides in the dissolved phase and 
radionuclides complexed with immobile OM. 
Filtration of the RN-OM complex is represented by the term SmCm. It is assumed that 
filtration does not affect porosity. The term Sm (S'I) is often expressed asfom where! 
(m·l ) is a filtration coefficient (de Marsily, 1986). The immobile RN-OM complex 
may become detached from the clay surface according to the term sFfwithout 
affecting porosity. 
The modelled processes are illustrated in Figure 1, and all of the parameters in 
equations (1) to (3) are described in Table 1. 
In order to analyse column migration experiments, POPCORN allows a source term 
of radionuc1ides to be placed at the appropriate location in the modelled core. The 
source term may be in the form of a flux, mass, or fixed concentration of 
radionuclides placed at any location, with the fractions of radionuclides in solution 
and complexed with OM specified. Fixed concentration, concentration gradient, or 
flux conditions may be specified at the model boundaries. 
3 Analysis of Migration Experiments 
Under the TRANCOM-II project, percolation migration experiments were initiated 
with 14C-labelled OM complexed with 241Am using TROM6 and TROM34 OM 
solutions. The distributions of 241 Am on the different size fractions of OM for the 
different solutions were determined by ultrafiltration analysis. This analysis indicated 
that Am has a solubility of about 2xl 0.8 moM in Boom Clay water and that a solid 
Am phase was present in the TROM6 solution, as indicated in Figure 2. In the 
TROM34 solution, Am-OM complexes were found to have formed mainly with OM 
of size greater than 30,000 molecular weight cut-off (MWCO) and an Am 
concentration of 1.2xl 0.7 moUI resulted (Figure 2). 
Migration experiments were started using a full size fraction TROM6 solution (with 
the solid phase of Am present) and a low size fraction TROM6 solution « 1,000 
MWCO). For the full size fraction OM experiment, after an initial fast breakthrough 
of 241Am, a small, approximately constant, concentration of 241Am resulted in the 
percolating liquid. For the low size fraction OM experiment, no 241 Am was detectable 
in the percolating liquid after the initial fast breakthrough. After some 800 days of 
percolation only a small fraction of the injected 241Am has been recovered in each 
experiment (0.3% of the 657 Bq 241Am injected in the full size fraction OM 
experiment and 0.8% of the 23 Bq 241Am injected in the low size fraction OM 
experiment). As discussed in the accompanying paper by Maes et al. (2005), most of 
the Am-OM complexes dissociate instantaneously when introduced to Boom Clay 
cores and only a small "non-exchangeable" fraction is able to migrate through the 
cores linked to the OM. 
Further migration experiments have been undertaken involving 241 Am complexed 
with the TROM34 OM solution (Maes et al., 2005). However, as in the experiments 
with the TROM6 solution, only a small fraction (less than 0.1 %) of the injected 241 Am 
activity was recovered during the course of each experiment, and again it may be 
concluded that much of the 24IAm_OM complex dissociates on contact with the clay 
cores. 
It has proven possible to simulate this behaviour by implementing the kinetic models 
in POPCORN. Rapid dissociation of the 24IAm_OM complex on injection is simulated 
by assuming a relatively high value of the kinetic constant Km. The 241Am is then 
distributed amongst mobile and immobile OM, and materials at the clay surface 
according to the terms Km, Kt. and Rs. Mobile OM represents less than 0.1 % of the 
total OM content of the clay (Maes et al., 2004a) and therefore a value of the partition 
coefficient Kfthat is greater than Km by a factor of 103 has been assumed (see Section 
2).ln order to simulate the breakthrough of the 241Am in the experiments, it is 
necessary to assume some degree of OM filtration and detachment by utilising the Sm 
and sfparameters. The decay of241 Am was considered negligible on the timescale of 
the experiments. 
3.1 Full size fraction TROM6 experiment 
For the full size fraction OM experiment, 63 Bq 241Am was assumed to be injected 
into the centre of the 72-mm-long core complexed with OM. This is the maximum 
mass in the injected solution according to the solubility limit of 2xl 0.8 molll (Figure 
2). The remaining 595 Bq 241Am was assumed to be present as a solid phase that 
dissolves in the core at a specified rate. The following parameter values were found to 
give a reasonable match to the 241 Am breakthrough curve for the full size fraction 
TROM6 experiment. For the dissolved 241 Am: Us = 6.4xl 0.9 ms·l , D. = 3xl 0·10 m2 s·1, 
Ra = 2,000, and fJs = 0.3 (Maes et al., 2005), and for the 241 Am-OM complex: Um = 
l.5xlO's ms·l , Dm = 3xlO·12 m2 S·I, fJm = 0.13, Km = Kf= l.9xlO·7 S·I, Sm = 3.5xlO·6 S·I, Sf 
= 3.5xlO·7 S·I, Km = l.OxI0'3, and Kf= l.0. The results of the POPCORN analysis 
using these parameter values are shown in Figure 3. Most of the 241 Am is retained in 
the clay core, complexed with immobile OM or sorbed to materials at the clay 
surface. The initial peak in the breakthrough curve represents the transport through 
the core ofa small fraction of the injected 24IAm_OM. A high dissolution rate of 
1.4xlO·3 Bq S·I has been assumed for the solid 241 Am, which implies dissolution to the 
solubility limit in the percolation water and complete dissolution of the solid in a few 
days. However, the rate of dissolution of the solid 241 Am was found to have little 
effect on the form of the breakthrough curve because, according to the derived 
parameter values, most of the 241 Am is retained in the core by complexation with 
immobile OM or sorption to materials at the clay surface following dissolution. 
3.2 Low size fraction TROMS experiment 
For the low size fraction OM experiment, 23 Bq 241Am was assumed to be injected 
into the centre of the 72-mm-long core, complexed with OM (with no solid Am phase 
present). Similar transport parameter values were assumed to those adopted in the full 
size fraction experiment, except for the following: Us = 6.7xlO·9 ms-I, Um = 1.6xlO's 
ms·l , Km = Kf= 3.7x 1 0.7 S·I, Sm = 3.2xlO-6 S·I, Sf= 3.2x 1 0.7 S·I. These parameter values 
ensured that a reasonable match to the breakthrough of241Am was achieved, as shown 
in Figure 4. Again, the initial peak in the breakthrough curve represents the transport 
through ofa small fraction of the injected 24IAm_OM. However, in this case, the 
241 Am in the percolating liquid is eventually reduced to concentrations on the order 
0.1 Bq/l, which may not be detectable. 
3.3 TROM34 migration experiments 
For the analysis of the five migration experiments undertaken using the TROM34 
solution and described in Maes et al. (2005), similar solute and OM transport 
parameter values were assumed to those adopted in the TROM6 analyses, except that 
/Cm, /CJ, Sm, and sJwere varied in order to obtain matches to the breakthrough curves. 
The derived values of these parameters are listed in Table 2 for each experiment. 
Consistent with the TROM6 experiments, a value of sJthat is an order of magnitude 
less than Sm generally gave reasonable results. For the TROM34 experiments, there 
appears to be a correlation between the derived values of Sm and /Cm and the quantity 
um!L where L (m) is the length of core through which the 241 Am percolates. This 
correlation is illustrated in Figure 5. The rates of filtration and dissociation of241Am_ 
OM appear to decrease with travel time, which suggests that a small fraction of 
mobile 24lAm-OM dissociates relatively slowly (Le. the "non-exchangeable" fraction 
Maes et al. (2005». The parameter values derived for the TROM6 experiments do not 
correspond with the correlation shown in Figure 5 for the TROM34 experiments, but 
this is not surprising given the different characteristics and size fractions of the 
241Am_OM injected (Figure 2). 
4 Conclusion 
It has proven possible to simulate the behaviour of241Am migration through Boom 
Clay cores by implementing the kinetic models in POPCORN (linear kinetic models 
of complexation and dissociation of 241 Am and NOM and attachment and release of 
NOM at the clay surface). Furthennore, for the TROM34 experiments, there appears 
to be a correlation between the derived values of Sm (the rate of OM filtration) and /Cm 
(the rate of complexationldissociation of 241 Am-OM) and the quantity um!core length. 
The finding that filtration and dissociation Of241 Am-OM appear to decrease with 
travel time supports the idea that a small fraction of mobile "non-exchangeable" 
24lAm-OM dissociates relatively slowly (Maes et al., 2005). These findings will be 
used to extrapolate the results of migration experiments to length scales relevant to 
repository performance assessments. 
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Table 1: POPCORN parameters. 
Parameter Units Definition 
m2 S·I Coefficients of hydrodynamic dispersion for solute and OM. Ds = 
RsDsa+ar../us/ and Dm = Dma +aLm/um/, where Dsa and Dma (m2 S·I) 
are the apparent solute and OM diffusion coefficients and a r.. and 
a Lm (m) are intrinsic longitudinal dispersivities. 
m S·I Fictitious mean convection velocities (Darcy velocity/porosity) for 
solute and OM. 
Diffusion accessible porosities for solute and OM . 
..1. S·l Radionuclide decay constant. 
Retardation coefficient for dissolved radionuclides sorbing to 
materials at the clay surface. 
""" "I S·I Kinetic constants for the complexation ofradionuclides with mobile 
OM and immobile OM. 
Partition coefficients for complexation of radionuclides with mobile 
and immobile OM. 
Sm, sI S·I Rates of attachment of mobile OM to the clay surface and 
detachment of immobile OM from the clay surface. 
Table 2: Derived transport parameter values for the TROM34 migration 
experiments. 
Experiment Um (m S·I) Sm(s·l) Km (S·I) 
MePAmCOM 4.1 xl 0.9 1.5x10·5 1.1x10-6 
LowPAmCOM 3.lx10-9 1.0xlO·5 8.7xI0·7 
HiPAmCOM 1.8x10·9 1.3 x 1 0·5 4.7xlO·7 
LongAmCOM 1.9x10·9 4.5xI0-6 3.3xlO·7 
ShortAmCOM 1.7xlO·9 7.0xlO·5 1.0xlO-6 
~. Claysuiface. 
Pore space rps,rpm 
Dissolved radionuclides 
Cs --.. us,Ds,}., \Rs 
, . 
Figure 1: Radionuclide transport processes represented in POPCORN. 
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Figure 3: (a) 241Am breakthrough curve and (b) the fraction of 241Am recovered 
for the full size fraction experiment. Curve FAm depicts the experimental data 
and curve FAm_l is the POPCORN result for the parameter values described in 
Section 3.1. 
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in Decommissioning Wastes 
Meeting: PW, AH, LS, SA, NE, GW, KB, 
KRF 
24/11100 Radiochemistry Loughborough Miss K. Russel-Flint First Year Report 
Research Group University Meeting: PW, AH, LS, NE, GW, AK 
Miss. S. AlIinson First Year Report 
Miss K. Beckett First Year Report 
1112/00 Radiochemistry Loughborough Mr.N. Evans The Schubert Method 
Research Group University Meeting: PW, AH, LS, SA, KRF, GW, KB, 
AK 
8/12/00 Radiochemistry Loughborough Mr. G. Walker Column Validation 
Research Group University Meeting: PW, AH, LS, SA, NE, KRF, KB, 
AK 
Date Organisation Venue Speaker(s) Topic 
19/01101 Radiochemistry Loughborough Mr. G. Walker SI Units 
Research Group University Meeting: PW, AH, SA, NE, GW, KB, AK 
26/01101 Radiochemistry Loughborough Miss S. Allinson Drigg Work 
Research Group University Meeting: PW, AH, LS, SA, NE, GW, KB, 
AK 
12/02/01 Radiochemistry Loughborough Miss. K. Beckett First Year Report 
Research Group University Meeting: PW, AH, LS, SA, NE, GW, KB, 
AK 
23/02/01 Radiochemistry Loughborough Miss K. Russel-Flint Ternary Systems 
Research Group University Meeting: PW, AH, LS, SA, NE, GW, KB, 
AK 
09/03/01 Radiochemistry Loughborough Miss K. Beckett Experimental Work on Metal-Humic 
Research Group University Interactions using a Kinetic Model 
Meeting: PW, LS, SA, NE, GW, KB, AK, 
KRF 
16/03/01 Radiochemistry Loughborough Mr. N.Evans Nirex repository. ISA and how it is formed 
Research Group University 
22/03/01 Radiochemical Loughborough Mr. A. King Method and results for the dissolution of 
Research Group University tacky swabs 
28/03/01 Radiochemistry Loughborough Mr. G. Walker Labelling of Mol OM with HCHO. WP-S.2 
Research Group University 
26- TRANCOM2 Burleigh Mr. G. Walker WP-S : OM Labelling 
27/04/01 Progress Court, Labelling of Mol OM using HCHO 
Meeting Loughborough Mr. A. Hall WP-2: Uranium Solubility 
(6 months) University U(IV) solubility in the presence of Mol OM 
Date Organisation Venue Speaker(s) Topic 
Mr. J. van der Lee WP-l: Solubility and speciation 
calculations. Overview of report 
Mr.N.Maes WP-8: Up-scaling model concept on 
trivalent migration behaviour 
Mr. 1. Wang WP-2.3: Natural Uranium 
Mr. G. Delecaut WP-2.1: Effect of OM on U(IV) solubility 
WP-2.2: Complexation ofU with OM 
WP-3.1: U interaction studies 
Mr. C. Bruggeman WP-2: Se solubility 
WP-3: Se solid phase interaction 
WP-4 OM Exchange 
10/05/01 Radiochemical Loughborough Mr. A. King Attempted Co removal using Ion Exchange 
Research Group University 
17/05/01 Radiochemical Loughborough Mr. G. Walker Uranium (IV) solubility with Mol OM 
Research Group University 
24/05/01 Radiochemical Loughborough Mr. G. Getahun Report on PhD 
Research Group University 
25/05/01 Radiochemical Loughborough Mrs. 1. Sands Hazard Assessment and Risk Management 
Research Group University 
01106101 Radiochemical Loughborough Mr. N. Evans Schubert Method and Using CHESS 
Research Group University Meeting: NE, AH, GW, SA, KRF, AK, PW 
07/06/01 Radiochemical Loughborough Miss. K. Beckett 
Research Group University 
14/06/01 Radiochemical Loughborough Miss K. Russel-Flint Instruction on EndNote 4 
Research Group University Meeting: NE, PW, LS, SA, GW, KRF 
Date Organisation Venue Speaker(s) Topic 
22/06/01 Radiochemical Loughborough Miss K. Russel-Flint Are Colliods important in the transport of 
Research Group University Radionuclides? 
Meeting: KRF, GW, PW, AH, AK, NE, 
PW,KB 
29/06/01 Radiochemical Loughborough Prof. P. Warwick Centre for Environmental Studies 
Research Group University Miss S. Allinson Meeting: PW, AH, LS, GW, KRF, SA, KB, 
AK,NE 
10107/01 Radiochemical Loughborough Miss K. Russel-Flint Are Colloids important in the transport of 
Research Group University radionuclides? 
Meeting: PW, GW, AK, NE, SA 
11107/01 RSC Wolfson Miss K. Russel-Flint Are Colloids important in the transport of 
Radiochemical conference radionuclides 
Methods Group centre, 
Young Imperial 
Researchers College School 
Meeting of Medicine, 
London 
20107/01 Radiochemical Loughborough Mr. A. King Attempts to separate cobalt, silver, niobium 
research group University and holmium 
Meeting: GW, PW, KRF, AH, LS, NE 
26/07/01 Radiochemical Loughborough Mr. G. Walker Results on C-14 HCHO labelling of Mol 
research group University OM and Aldrich OM 
Meeting: PW, AH, GW, KB, AK, NE 
10108/01 Radiochemical Loughborough Mr.N. Evans More stability constant measurements and 
Research group University some stoichiometric investigations using the 
UV Nis spectrometry 
Meeting: PW, AH, PS, NE, GW, KRF, AK, 
SA 
Date Organisation Venue Speaker(s) Topic 
12/10/01 Radiochemistry Loughborough Miss K. Beckett Association of Europium with humic 
Research Group University material 
Meeting: PW, AH, SA, KB, KF, NE, GW, 
AK,JT 
19/10/01 Radiochemistry Loughborough Miss. S. Allinson Reversibility of radionuclide/colloid 
Research Group University interactions 
Meeting: PW, AH, LS, NE, GW, KB, AK 
02/ll/01 Radiochemistry Loughborough A.King Separation of Ho from Co 
Research Group University Meeting: PW, AH, SA, KF, NE, GW, JT 
09/11101 Radiochemistry Loughborough G. Walker U(IV) solubility results 
Research Group University E. Steigleder U (VI) Schubert results 
Meeting: PW, AH, LS, SA, NE, GW, KB, 
AK 
16/ll/01 Radiochemistry Loughborough A. Degel Cerium gluconate at high and near-neutral 
Research Group University pH 
Meeting: PW, AH, LS, SA, NE, GW, KB, 
AK, ES, KS, El 
23/11101 Radiochemistry Loughborough K. Russell-Flint Are colloids important in the transport of 
Research Group University radionuc1ides? 
Meeting: PW, AH, LS, SA, NE, GW, KB, 
AI<, ES, KS, El 
30/11101 Radiochemistry Loughborough Dr. J. Thwala Arsenic experiments 
Research Group University Meeting: PW, AH, LS, SA, NE, GW, AI<, 
KRF 
07/12100 Radiochemistry Loughborough K. Skopek Investigation into the co-gluconate and co-
Research Group University ISAsystem 
Date Organisation Venue Speaker(s) Topic 
G. Walker Production and stability testing of 14C 
A. Hall labelled organic matter. HTO diffusion 
results. 
U(IV) experimental data and solubility 
product approach 
Meeting: PW, AH, LS, SA, NE, GW, AK, 
KRF,ES,AD 
12- TRACOMII Ecole de Mine, J. van der Lee Discussion on the progress of all work 
14/12/01 Progress Paris, L. Wang, packages including current results, future 
Meeting France N. Maes, work, and critical discussions of the work. 
A. Maes 
A. Hall Discussion of proposed and current EC 
T. Beauwens projects 
G. Walker 
G. Delecaut 
12/02/02 Radiochemistry Loughborough K. Russell-Flint Sampling and characterisation of inorganic 
Research Group University colloids in the far-field groundwater at 
Drigg 
K. Beckett Investigations of aquatic and natural organic 
matter in the Drigg ground waters 
S. Allinson Investigation into the organic colloids in the 
near-field at Drigg 
Meeting: PW, AH, LS, SA, NE, GW, KB, 
JT, El 
Date Organisation Venue Speaker(s) Topic 
15102/02 Radiochemistry Loughborough K. Russell-Flint Sampling and characterisation of inorganic 
Research Group University colloids in the far-field groundwater at 
Drigg 
K. Beckett Investigations of aquatic and natural organic 
matter in the Drigg ground waters 
S. Allinson Investigation into the organic colloids in the 
near-field at Drigg 
Meeting: PW, AH, LS, SA, NE, GW, KB, 
JT, El 
15/02/02 Physical Loughborough Dr. K.Ryder Reaction Profiling at Conduction Polymer 
Chemistry University Electrodes 
Dept. 
22/02/02 Radiochemistry Loughborough A.King Dissolution and separation of Ag from Co 
Research Group University Meeting: PW, AH, LS, SA, NE, KRF, KB, 
AK, JT, El 
01103103 Radiochemistry Loughborough Mr. G. Walker Labelling of BCHA with 14C and U(IV) 
Research Group University solubility results 
Meeting: PW, AH, SA, NE, GW, KB, AK, 
IT, El 
01103/02 Physical Loughborough Prof. S. Fletcher Life, the universe, and everything 
Chemistry University 
Dept. 
08/03/02 Radiochemistry Loughborough E.lnam As speciation and transport in the 
Research Group University environment 
Meeting: PW, AH, LS, SA, NE, GW, KB, 
AK, JT, El 
Date Organisation Venue Speaker(s) Topic 
08/03/02 Physical Loughborough Dr. F. Marken Microdroplets 
Chemistry University 
Dept. 
15/03/02 Radiochemistry Loughborough N. Evans Stoichiometric Investigations into metal-
Research Group University lSA binding 
Meeting: PW, LS, SA, NE, GW, KB, AK, 
KRF,JT,El 
15/03/02 Physical Loughborough Dr. D. Worrall Pressure dependence of singlet oxygen 
Chemistry University photophysics in supercritical fluids 
Dept. 
22/03/02 Radiochemical Loughborough L. Sands Risk Assessment 
Research Group University Meeting: PW, LS, SA, NE, GW, KB, AK, 
KRF,JT, El 
22/03/02 Physical Loughborough J. Thwala As in the environment 
Chemistry University 
Dept. 
19/04/02 Radiochemical Loughborough A. Hall Solubility product approach for determining 
Research Group University stability constants of metal-ligand 
complexes 
Meeting: PW, LS, SA, NE, GW, KB, AK, 
KRF, JT,El 
19/04/02 Physical Loughborough N. Evans Further developments of STAB 
Chemistry University. R.Milward Direct assembly of multi-layers - The case 
Dept. of Prussian Blue 
26/04/02 Physical Loughborough K. McKenze Metal Oxide Membranes 
Chemistry University K. Russell-Flint Examination of Drigg far-field colloids and 
Dept. laboratory three-phase systems 
Date Organisation Venue Speaker(s) Topic 
03/05/02 Radiochemical Loughborough G. Walker WP 5.1 - Production and stability testing of 
Research Group University site specific organic matter 
WP 5.2 - Double tracer migration 
experiments 
13/05102 Radiochemical Loughborough A. King Determination of 105mAg, I 66mHo and 
Research Group University 94Nb in decommissioning waste 
Meeting: NE, AH, GW, SA, KRF, AK, PW 
15- TRANCOMII Katholique G. Walker Discussion of work packages including new 
17/05/02 Progress Universitie, A. Hall results and future work 
Meeting Leuven, N. Maes 
Belgium G. De1ecaut 
T. Beauwens 
21106/02 Physical Loughborough A. Hall Speciation 
Chemistry University 
Dept. 
19/07/02 Physical Loughborough Prof. I. Snoop Density Functional Theory 
Chemistry University 
Dept 
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